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Serum Antibodies to N-Glycolylneuraminic
Acid Are Elevated in Duchenne Muscular
Dystrophy and Correlate with Increased
Disease Pathology in Cmah™mdx Mice

Paul T. Martin,** Kunio Kawanishi,” Anna Ashbrook,* Bethannie Golden,” Annie Samraj,’ Kelly E. Crowe,' ’
Deborah A. Zygmunt,* Jonathan Okerblom,” Hai Yu,** Agatha Maki,* Sandra Diaz,” Xi Chen,** Paul M.L. Janssen,' and
Ajit Varki®

From the Center for Gene Therapy,* The Research Institute at Nationwide Children’s Hospital, Columbus, Ohio; the Departments of Physiology and Cell
Biology,T and Pediatrics* and the Graduate Program in Molecular Cellular and Developmental Biology,H The Ohio State University, Columbus, Ohio; the
Department of Molecular Medicine,* University of California, San Diego, California; the Molecular and Human Genetics, Nationwide Children’s Hospital,
Columbus, Ohio; and the Department of Chemistry,** University of California, Davis, California

Accepted for publication

April 26, 2021. Humans cannot synthesize the common mammalian sialic acid N-glycolylneuraminic acid (Neu5Gc)

because of an inactivating deletion in the cytidine-5-monophospho-(CMP)—N-acetylneuraminic acid
hydroxylase (CMAH) gene responsible for its synthesis. Human Neu5Gc deficiency can lead to devel-
opment of anti-Neu5Gc serum antibodies, the levels of which can be affected by Neu5Gc-containing
diets and by disease. Metabolic incorporation of dietary Neu5Gc into human tissues in the face of
circulating antibodies against Neu5Gc-bearing glycans is thought to exacerbate inflammation-driven
diseases like cancer and atherosclerosis. Probing of sera with sialoglycan arrays indicated that pa-
tients with Duchenne muscular dystrophy (DMD) had a threefold increase in overall anti-Neu5Gc
antibody titer compared with age-matched controls. These antibodies recognized a broad spectrum
of Neu5Gc-containing glycans. Human-like inactivation of the Cmah gene in mice is known to modulate
severity in a variety of mouse models of human disease, including the X chromosome—Llinked muscular
dystrophy (mdx) model for DMD. Cmah™~mdx mice can be induced to develop anti—Neu5Gc-glycan
antibodies as humans do. The presence of anti-Neu5Gc antibodies, in concert with induced Neu5Gc
expression, correlated with increased severity of disease pathology in Cmah™~mdx mice, including
increased muscle fibrosis, expression of inflammatory markers in the heart, and decreased survival.
These studies suggest that patients with DMD who harbor anti-Neu5Gc serum antibodies might exac-
erbate disease severity when they ingest Neu5Gc-rich foods, like red meats. (Am J Pathol 2021, 191:
1474—1486; https://doi.org/10.1016/j.ajpath.2021.04.015)
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Sialic acids (Sias) are negatively charged monosaccharides Supported primarily by NIH grants RO1 AR049722 and RO1 AR060949

commonly found on the outer ends of glycan chains on
glycoproteins and glycolipids in mammalian cells.’
Although Sias are necessary for mammalian embryonic
development,'” they also have much structural diversity,
with N-acetylneuraminic acid (Neu5Ac) and N-glyco-
lylneuraminic acid (Neu5Gc) comprising the two most
abundant Sia forms in most mammalian tissues. Neu5SGc
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differs from NeuSAc by having an additional oxygen at the
5-N-acyl position.” Neu5SGc synthesis requires the cytidine-
5’-monophospho (CMP)-Neu5Ac hydroxylase gene, or
CMAH, which encodes a hydroxylase that converts CMP-
NeuSAc to CMP-Neu5Ge."” CMP-NeuSAc and CMP-
Neu5Gc can be utilized by the >20 sialyltransferases to
attach Neu5Ac or Neu5Gc, respectively, onto glycoproteins
and glycolipids.'

Humans cannot synthesize Neu5Gc, because of an inac-
tivating deletion in the human CMAH gene that occurred
approximately 2 to 3 million years ago.” This event
fundamentally changed the biochemical nature of all human
cell membranes, eliminating millions of oxygen atoms on
Sias on the glycocalyx of almost every cell type in the body,
which instead present as an excess of NeuSAc. Consistent
with the proposed timing of this mutation at around the
emergence of the Homo lineage, mice with a human-like
inactivation of CMAH have an enhanced ability for
sustained aerobic exercise,” which may have provided an
evolutionary advantage. In this regard, it is also interesting
that the mild phenotype of X chromosome—linked muscular
dystrophy (mdx) mice with a dystrophin mutation that
causes Duchenne muscular dystrophy (DMD) in humans is
exacerbated and becomes more human-like on mating into a
human-like CMAH null state.”

Inactivation of CMAH in humans also fundamentally
changed the immunologic profile of humans. Almost all
humans consume Neu5Gc from dietary sources (particularly
the red meats beef, pork, and lamb), which can be taken up
by cells through a salvage pathway, sometimes allowing for
Neu5Gc expression on human cell surfaces.” ™ * Meanwhile,
most humans have some level of anti—Neu5Gc-glycan
antibodies, defining Neu5Gce-bearing glycans as xeno-
autoantigens recognized by the immune system.'’ '°
Humans develop antibodies to Neu5Gc not long after
weaning, likely triggered by Neu5Gc incorporation into
lipo-oligosaccharides of commensal bacteria in the human
upper airways.'” The combination of xeno-autoantigens and
such xeno-autoantibodies generates xenosialitis, a process
that has been shown to accelerate progression of cancer and
atherosclerosis in mice with a human-like CMAH deletion in
the mouse Cmah gene.'”'® Inactivation of mouse Cmah
also leads to priming of macrophages and monocytes'’ and
enhanced reactivity’’ that can hyperactivate immune
responses. Cmah deletion in mice also causes hearing loss
via increased oxidative stress,”'*>> diabetes in obese mice,”’
relative infertility,”* delayed wound healing,”’ mitochon-
drial dysfunction,” changed metabolic state,” and
decreased muscle fatigability.’

Given that Cmah deletion can hyperactivate cellular im-
mune responses, it is perhaps not surprising that the crossing
of Cmah deletion in mouse models of various human
diseases, to humanize their sialic acid repertoire, can alter
pathogenic disease states and disease outcomes. This is true
of cancer burden from transplantation of cancer cells into
mice,'” infectious burden of induced bacterial infections in
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deletion in the mdx model of Duchenne muscular
dystrophy® and the o sarcoglycan (Sgca) deletion model of
limb girdle muscular dystrophy 2D.”° The mdx mice possess
a mutation in the dystrophin (Dmd) gene that prevents
dystrophin protein expression in almost all muscle cells,”’
making it a good genetic model for DMD, which also ari-
ses from lack of dystrophin protein expression.”*”’ These
mdx mice, however, do not display the severe onset of
muscle weakness and overall disease severity found in
children with DMD, suggesting that additional genetic
modifiers are at play to lessen mouse disease severity, some
of which have been described.”’*° Cmah deletion worsens
muscle inflammation, in particular recruitment of macro-
phages to muscle with concomitant increases in cytokines
known to recruit them, increases complement deposition,
increases muscle wasting, and premature death in a fraction
of affected mdx mice.® Cmah-deficient mdx mice have
changed cardiac function.”” Prior studies® show that about
half of all mice display induced antibodies to Neu5Gc,
which correlates well with the number of animals showing
premature death in the 6- to 12-month period. Unpublished
subsequent studies suggest that Cmah ™ mdx mice that lack
xeno-autoimmunity often have less severe disease, which
likely causes selection for more efficient breeders lacking
Neu5Gc immunity over time. Current studies were designed
to re-introduce Neu5SGc xeno-autoimmunity into serum-
naive Cmah™’~mdx mice and describe the impact of xen-
osialitis on disease pathogenesis.

Materials and Methods

Human Serum

Serum was collected from patients and analyzed using a
protocol approved by the Institutional Review Board at
Nationwide Children’s Hospital (IRB13-00190). Anony-
mized samples were assayed in a blinded manner for
binding to a glycan array.

Mice

Several strains of mice (Cmahf/ o, Cmah™" “mdx, and
CMAH"**Cmah™ " mdx) were bred in the C57BL/6J
background and housed at the Research Institute at
Nationwide Children’s Hospital in accordance with the NIH
regulations and specifically approved for this study by the
Nationwide Children’s Hospital Institutional Animal Care
and Use Committee. Cmah '~ mice were previously
generated and have the human-like CMAH deletion in the
Cmah mouse gene.”' Cre-inducible CMAH**" transgenic
mice were also made previously.”® Mice were placed on one
of four diets, normal mouse chow containing protein
sourced from soy, casein, edible bird’s nest (EBN), or
porcine submaxillary mucin (PSM); EBN contains 0.25 mg
of Neu5Ac per gram of chow, whereas PSM contains 0.25
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mg per gram Neu5Gc, about 40 times the sialic acid found
in a casein mouse diet (Dyets, Inc., Bethlehem, PA). Dams
were fed one of these four defined diet mouse chows during
mating and throughout pregnancy until weaning. After
weaning, pups were then fed the same chow until the end
point (10 months for casein/soy comparison and 6 months
for PSM/EBN comparison). For immunization experiments,
Cmah™ mdx and CMAH""**Cmah™ mdx mice were
analyzed at an end point of approximately 11 months of age.
Cmah™ mdx mice breeders for these experiments were
confirmed not to have the Dock2 copy number variant
known to affect immune cell phenotypes.*”

Histology/Immunostaining

Skeletal muscles were dissected and snap frozen in liquid
nitrogen—cooled isopentane. Hearts were dissected, washed
in phosphate-buffered saline (PBS), embedded in OCT
freezing medium, and frozen in dry ice-cooled isopentane.
All tissue was sectioned at 10 um thickness using a cryostat.
Sections were stained with hematoxylin and eosin (Sigma,
St. Louis, MO) or immunostained with antibody against
Neu5Gce (Biolegend, San Diego, CA; 1:500). For anti-
Neu5Gce immunostaining, sections were blocked in 0.5%
fish gelatin (in PBS) for 1 hour at room temperature, fol-
lowed by overnight Neu5Gc antibody incubation at 4°C and
Cy3-conjugated donkey anti-chicken IgY secondary anti-
body (Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA; 1:500) for 1 hour at room temperature. Immu-
nostaining was visualized on a Zeiss Axiophot epifluor-
escence microscope (Carl Zeiss, Jena, Germany) using a
rhodamine-specific filter, and images were captured using
Zeiss AxioVision LE imaging software version 4.1 (Carl
Zeiss). In addition, hearts were stained with Fast Green and
Sirius Red (Poly Scientific R&D Corp., Bay Shore, NY)
following manufacturer’s instructions to visualize tissue
fibrosis. Sections were visualized on a Zeiss Axioskop 40
microscope (Carl Zeiss) with AxioCamICc3 camera system
(Carl Zeiss). Measures of central nuclei, myofiber diameter,
and nonmuscle area were done using hematoxylin and
eosin—stained sections, as previously described.®

For image quantification, investigators were blinded to
sample groups until the full analysis was completed. Per-
centage nonmuscle area was measured for hematoxylin and
eosin—stained muscle sections of diaphragm and gastroc-
nemius, and percentage fibrotic area was measured on Sirius
Red— and Fast Green—stained sections of heart, with five
samples analyzed per mouse data point. Nonmuscle area
was measured by outlining the areas of fibrosis using the
freehand tool in ImageJ version v1.53h (NIH, Bethesda,
MD; hitps://imagej.nih.gov/ij, last accessed March 23,
2021). The total area of the section was determined, and
fibrosis was calculated as a percentage of fibrotic tissue
per total area. Fibrosis in the heart was measured on
Sirius Red/Fast Green—stained heart muscle cross-sections
using previously described color deconvolution methods
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using the 2 ImageJ plugin developed by Landini et al.**"'
The total tissue area was measured, and fibrosis was
calculated as percentage of fibrotic tissue per total area.

Serum Creatine Kinase Assay

Blood was collected from the facial vein and allowed to clot
for 1 hour at room temperature. Clotted cells were then
centrifuged for 15 minutes at 2000 x g. Serum was collected
and analyzed without freezing. Creatine kinase activity was
measured using an enzyme-coupled absorbance assay kit
(326-10; SEKISUI Diagnostics, Burlington, MA) following
manufacturer’s instructions. Absorbance was measured at
340 nm every 30 seconds for 4 minutes at 25°C to calculate
enzyme activity. All measurements were done in triplicate.

Measurement of Mouse Serum Anti-Neu5Gc Antibody
Titers

Samples were blinded before analysis. Costar 96-well dishes
were coated overnight at 4°C with saturating concentration
(2 pg/well) of base-treated bovine sialomucin. Other wells
were coated with a standard curve of mouse IgG standard
solutions of 0, 0.06, 0.125, 0.25, 0.5, 1.0, or 2.0 ng/mL.
Bovine sialomucin—coated wells were washed the next day
with PBS, after which 20 mmol/L sodium periodate solution
(in PBS; pH 6.5) or buffer alone was added for 20 minutes
in the dark at 4°C. Sodium periodate is added to oxidize N-
glycolyl groups on sialic acids, allowing for side-by-side
comparisons of Neu5Gc-containing and Neu5Gce-free wells.
After incubation, 20 mmol/L. NaBH, was added to the so-
dium periodate—containing wells for 10 minutes. All wells
were then washed in a solution containing 100 mmol/L
sodium chloride (NaCl) and 50 mmol/L sodium acetate
(NaC,HgO,) for 10 minutes at room temperature. Wells
were then blocked with PBS with 1% chicken ovalbumin
(chick protein lacks Neu5Gc) for 1 hour, after which mouse
serum samples, diluted 1:100 in PBS with 1% chicken
ovalbumin, were added for 2 hours. After three washes of all
wells in PBS with 0.1% Tween 20, 100 pL goat anti-mouse
IgG conjugated to horseradish peroxidase (Jackson Immu-
noResearch, West Grove, PA); 115-035-003; diluted 1:7000
in PBS) was added for 1 hour. After three additional washes
in PBS with 0.1% Tween 20, 100 pL of o-phenylenedi-
amine hydrochloride substrate (20 mmol/L citrate buffer, pH
5.5, with 10 mg o-phenylenediamine hydrochloride and 40
mL H,0,) was added for 20 minutes, after which the re-
action was quenched by addition of 1.5 mol/L H,SO,.
Absorbance was then read on a SpectraMax M3 microplate
reader (Molecular Devices, San Jose, CA, USA) at 490 nm.
Positive signals for mouse sera (Neu5Gc™-Neu5Gc ™) were
then compared with a standard curve generated for purified
mouse IgG from the same plate. As for patient control and
control serum samples, we diluted those with PBS (1:100)
and added 5 mmol/L. methyl-a-Neu5Gc for inhibition, as
previously described.*”

ajp.amjpathol.org m The American Journal of Pathology
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Cell Culture

C2C12 cells were grown in Dulbecco’s modified Eagle’s
medium containing 20% fetal calf serum, 50 U/mL penicillin,
and 50 pg/mL streptomycin. Once confluent, cells were
induced to fused into myotubes by placement in Dulbecco’s
modified Eagle’s medium containing 2% horse serum, 50 U/
mL penicillin, and 50 pg/mL streptomycin for 6 days. During
this time, cells were fed either 10 mmol/LL Neu5Ac or 10
mmol/L Neu5Ge to alter sialic acid content in the cells.

HPLC Analysis of Sialic Acid Forms

Neu5Gc and NeuSAc content in muscle tissue or muscle
cells was analyzed by high-performance liquid chromatog-
raphy (HPLC) on a LaChrom Elite HPLC (Hitachi, Tokyo,
Japan) by tagging sialic acids with the fluorogenic substrate
1,2-diamino-4,5-methylene-dioxybenzene (Sigma) using
previously described methods.”” HPLC runs were per-
formed at 0.9 mL/minute in 85% H,0, 7% MeOH, and 8%
CH;CN. Fluorogenic signals were excited at 373 nm and
acquired at 448 nm.

Measures of Skeletal Muscle—Specific Force and Force
Drop during Repeated Eccentric Contractions

A total of 10 mice were used per condition, with 5 females and
5 males assessed per group. Assessment of extensor digitorum
longus contractile parameters was done as previously
described.** Briefly, isolated extensor digitorum longus mus-
cles were tied to a force transducer and linear servomotor.
Twitch contractions were elicited at 30°C, and the muscle was
stretched to its optimal length, after which one to three tetani of
500-millesecond duration using 1-millisecond pulses at 150
Hz were imposed on the muscle. This was followed by 10
repeated eccentric contractions. For each such contraction, the
muscle was tetanized for 700 milliseconds and stretched by 5%
of its initial length for a duration of 200 milliseconds. Between
each repeat, the muscle was allowed to rest unstimulated for 2
minutes. At completion, muscles were weighed and cross-
sectional area was calculated, as described previously.*’
Assessment of diaphragm muscle strip contractility was
done as previously described.*® Briefly, small linear strips of
diaphragm muscle were suspended between a force transducer
and stimulator hook in an experimental set-up and superfused
with Krebs-Henseleit solution at 37°C. Tetanic force was
assessed by tetani at 600-millisecond duration, with fre-
quencies ranging from 20 to 180 Hz with a pulse width of 1
millisecond. At completion, muscles were weighed, and cross-
sectional area was calculated as described previously.*®

Immunization with Neu5Gc- or Neu5Ac-Containing
Immunogen

To induce immunity against Neu5Gc, mice were separated
into two groups, either immunized with Neu5Gc-containing
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immunogen (chimpanzee red blood cell ghosts (RBG) or
Neu5Ac-containing immunogen (human RBG) as a control.
Briefly, 2- to 3-month—old mice were immunized with a
single 100 pL injection of 2 mg/mL of chimpanzee or 2 mg/
mL human RBG solution mixed with an equal volume of
Freund complete adjuvant (Thermo Fisher Scientific, Wal-
tham, MA). Two separate booster doses were given 1 week
apart using a single 100-puL injection of 2 mg/mL of chim-
panzee or 2 mg/mL human RBG solution mixed with an equal
volume of Freund incomplete adjuvant (Thermo Fisher Sci-
entific), with immunization being complete at 3 to 4 months of
age. Serum was collected 2 weeks, 4 months, and 6 months
after the last booster, on which enzyme-linked immunosorbent
assay measures of anti-Neu5Gc IgG titers were performed.

Recombinant Adeno-Associated Virus Production and
Purification

Recombinant adeno-associated virus (rAAV) rAAVrh74.
CMV.Cre-GFP was made, purified, and titered by the Viral
Vector Core at Nationwide Children’s Hospital using the triple
transfection technique in HEK293 cells, with purification by
iodixanol gradient and anion-exchange chromatography, as
previously described."’**

Injection of rAAVrh74.CMV.Cre-GFP Virus

Intravenous (i.v.) injections via the tail vein and intramuscular
(i.m.) injection of the quadriceps, gastrocnemius (Gastroc), and
tibialis anterior muscles were given using rAAVrh74.CMV .-
Cre-GFP, an AAV vector, to express Cre and in turn induce
transgenic  expression of the CMAH transgene in
CMAH"** Cmah™" mdx mice. Quadriceps, Gastroc, and tibia-
lis anterior muscles on the left side of 4- to 5-month—old adult
mice were injected with 5 x 10" vector genomes (vg; Gastroc
and quadriceps) or 1 x 10" vg (tibialis anterior) of
rAAVth74.CMV.Cre-GFP. Contralateral muscles (right side)
were injected with the same volume of sterile PBS (mock
infected). Injections were given using a 0.3-mL insulin syringe,
near the midpoint of the belly of the muscle. Tail vein injections
were given to 4- to 5-month—old adult mice. Briefly, mice were
placed in a restraint that allows tail to be easily accessible, and
5 x 10" vg of rAAVTh74.CMV.Cre-GFP virus or equivalent
volume of sterile PBS (mock infected) was injected. All AAV
titers were measured using a supercoiled DNA standard.

Measurement of Human Serum Anti-Glycan Titers on
Sialoglycan Microarray Assays Using Paired
Neu5Ac- and Neu5Gc-Terminated Glycans

Anti-Neu5Gc IgG responses were generated as relative
fluorescence units. The Neu5Ac- and Neu5Ge-terminated
sialoglycan pairs were synthesized, as previously
described,” and printed on Epoxide slides (Thermo Fisher
Scientific, Corning, Pittsburgh, PA) at 100 pmol/L in four
replicates each in 300 mmol/L phosphate buffer, pH 8.4.
Printed glycan microarray slides were blocked with 0.05
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mol/L ethanolamine in 0.1 mol/L Tris-HCI, pH 9.0, washed,
and dried. Slides were fitted in a multiwell microarray
hybridization cassette (AHC4X8S; Arraylt, Sunnyvale, CA)
to divide into eight subarrays. The subarrays were blocked
with 1% ovalbumin in PBS, pH 7.4, at room temperature for
1 hour with gentle shaking (all incubations were performed
in a humid chamber). The blocking solution was removed
followed by incubation with serum diluted 1:250 in block-
ing buffer and incubated at room temperature for 2 hours
with gentle shaking. The slides were washed and incubated
with goat anti-human IgG-Cy3, 1.5 pg/mL, in PBS (Jackson
ImmunoResearch, West Grove, PA, USA) at room tem-
perature for 1 hour. The slides were subsequently washed
and dried. Microarray slides were scanned using the Gen-
epix 4000B microarray scanner (Molecular Devices Corp.,
Union City, CA), and data analysis was performed using
Genepix Pro 7.0 analysis software (Molecular Devices
Corp.).

Measurement of Relative Gene Expression by
Quantitative Real-Time PCR

Total RNA was isolated from frozen blocks of skeletal
muscles or heart by use of TRIzol reagent (Invitrogen,
Carlsbad, CA). RNA was purified on a silica gel—based
membrane-containing column (RNeasy; Qiagen, Ger-
mantown, MD). Relative transcription levels were
assessed by semiquantitative real-time PCR using the
p—AACt method, with 18S rRNA as an internal reference.””
A high-capacity cDNA archive kit (Applied Biosystems,
Foster City, CA) was utilized for the reverse transcription
RNA as per the manufacturer’s guidelines. Samples un-
derwent real-time PCR in duplicate using a TagMan ABI
7500 sequence detection system (Applied Biosystems).
Primer/probe sets for 18S ribosomal RNA (assay
identifier: Hs99999901_s1), Sgca (mm00486068_ml),
TNFa (mm99999068_ml), ILIb (mmO00434228 _ml),
Dagl (mm00802400_m1), Ccl5 (mm01302427_ml),
Ccl3  (mm99999057_ml), Ccl2 (mm99999056_ml),
Col3al (mm00802331_m1), Collal (mm00801666_g1),
CD68 (mm00839636_g1), CD4 (mm00442754_m1), and
CD8 (mm0011821108_m1) were purchased from Applied
Biosystems (Thermo Fisher Scientific), and primer/probe
sets to Lama2 (mm.PT.58.5945984) and Lgals3
(mm.PT.58.8335884) were purchased from Integrated
DNA Technologies (Coralville, TA).

Statistical Analysis

Analysis of significance between human serum titer data
sets with age was done using linear regression analysis with
post-hoc Tukey pairwise comparison. All other comparisons
were done using analysis of variance for comparisons of
three data sets or more and an unpaired two-tailed #-test for
comparisons of two data sets. Statistical analysis was done
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using GraphPad Prism version 7.0 (GraphPad Software Inc.,
La Jolla, CA).

Results

Increased Serum Anti-Neu5Gc Antibodies in Patients
with Duchenne Muscular Dystrophy

The first goal of these studies was to determine whether
patients with DMD had anti-Neu5Gc antibodies in their
serum and whether these levels were elevated relative to
age-matched normal human subjects. This was done by
comparing serum antibody binding of 22 DMD and 16
otherwise normal subjects with a sialoglycan microarray
presenting glycans terminating in Neu5Gc or NeuSAc
(Figure 1). The average age of DMD subjects studied was
13.3 years, whereas the average age of normal subjects was
11.3 years. The glycan array contained 23 sets of matched
Neu5Gce- or NeuSAc-containing glycans with sialic acid at
their terminal end. Five of these matched glycans had
multiple sialic acids, where a single Neu5Ac or Neu5Gc was
varied. Galo.1-3GalB1-4GIcNAcB-R was also present on the
array as positive control for an aGal transplantation antigen
(all humans have anti-oGal antibodies). Neu5Gc-specific
titers were calculated by subtracting out NeuSAc titers
for the same glycan from the total Neu5Gc signal
(Supplemental Figures S1 and S2), assuming NeuSAc
signals were the result of non-specific antibody binding, as
Neu5Ac is expressed in all humans. All signals on the array
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Figure 1  Serum antibody (Ab) titers to Neu5Gc-containing glycans in

otherwise normal subjects and patients with Duchenne muscular dystrophy
(DMD). Matched glycans ending in Neu5Gc and Neu5Ac for 23 different
glycan structures were spotted on a glycan array and compared for antibody
binding from serum samples of patients with DMD (closed bars) and age-
matched otherwise normal subjects (open bars). Titers were calculated
through comparison with known human IgG standards. Levels from Neu5Ac-
containing structures were subtracted from Neu5Gc levels to calculate
Neu5Gce-specific antibody titers for each structure. Error bars are SEM.
n = 22 DMD; n = 16 normal.
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were compared with a standard curve of human IgG to
quantify antibody binding.

Increased average anti—NeuS5Gc-specific serum antibody
titers for DMD subjects occurred on almost all Neu5Gc-
containing structures studied, regardless of a2-3, a2-6, or a2-
8 Sia linkage to the underlying glycan (Figure 1). When
plotted as individual points instead of as the average value for
all samples (Supplemental Figure S3), anti—Neu5Gc-spei-
cific titers varied greatly between human samples, >10-fold
between individual subjects, which was also true for the
aGal transplantation antigen. Elevated average DMD titers,
however, resulted from elevations in multiple DMD subjects
in all instances. The number of individuals with Neu5Ge titers
above the mean value, when averaging measures in all 23
Neu5Gc glycans, was 6.4 £ 0.4 of 22 for DMD subjects and
4.8 £ 0.2 of 16 for normal subjects. Although neither of these
were the 50% expected for a normal distribution, 29% of
DMD subjects and 30% of normal subjects showed titers
about the mean. Comparisons of Neu5Gec titers between
DMD and normal subjects for individual glycan structures did
not significantly differ because of the high variability between
samples within each group. Averaging the Neu5Gc-specific
titers for all glycan structures where Neu5Gc or NeuSAc
was compared as the terminal glycan indicated an 3.4 4 0.4-
fold elevation of Neu5Gc titer in DMD relative to normal
(P < 0.001) controls. In addition, anti-Neu5Gc antibody titers
of 11 of the 23 Neu5Gc-containing glycans were significantly
(P < 0.05) diminished with age in DMD subjects by linear
regression analysis, perhaps reflecting the loss of muscle
tissue with disease progression (data not shown). A com-
parison of titers taken from a single DMD subject, spaced 5
months apart, also showed variability in anti-Neu5Gc glycan
titer levels for some structures (Supplemental Figure S4),
although the overall level of titer elevation among all
Neu5Gce-containing glycans was roughly equivalent between
the two time points.

A second, less linkage-specific, method was used to
measure anti-Neu5Gc antibody titers that involved probing
serum with a sialylated glycoprotein to determine whether
elevated Neu5Gc titers occurred in other muscle diseases,
including Becker muscular dystrophy and inclusion body
myositis (Supplemental Figure S5). Titers were again highly
variable between subjects, but DMD subjects showed a
significant (P < 0.05) 5.7-fold increase in titer relative to
normal controls, with 7 of 11 DMD samples showing a
positive Neu5Gc titer compared with 8 of 32 normal
samples. Elevations in Becker muscular dystrophy subjects
were less pronounced (a 2.2-fold increase, not significant),
whereas inclusion body myositis sera were increased 3.9-
fold (not significant) compared with normal controls.
These antibody titer studies demonstrate that patients with
DMD can have elevated Neu5Gc-specific antibody titers
relative to normal subjects, that such antibodies recognize
Neu5Gc in the context of multiple subterminal glycans to
which it is linked, and that such elevations in Neu5Gc titers
may occur in multiple inflammatory muscle diseases.

The American Journal of Pathology m ajp.amjpathol.org

Lack of Neu5Gc Antibody Titers or Increased Disease
Severity in C(mah™~mdx Mice Fed Neu5Gc-Rich Diets

Early studies on Cmah '~ mdx mice found increased muscle
inflammation, increased muscle wasting, and increased
premature death with age relative to that in controls.” About
half of all mice showed premature death in the 6- to 14-
month period. Coincidently, about half of mice in the
same study showed positive titers for NeuSGc antibodies.
Breeding the mice for >15 subsequent generations as ho-
mozygotes led to a reduction in the elements of increased
disease severity as anti-Neu5Gc serum antibody titers dis-
appeared. Therefore, studies were undertaken to try and
recover serum anti-Neu5Gc titers in serum-naive
Cmah ™ mdx mice to address the relationship of such titers
to disease severity, beginning with altering dietary Neu5Gc
content.

Serum-naive Cmah ™~ mdx mice were fed either casein, a
Neu5Ge-containing protein source, or soy, a NeuSGc-free

Group 1
Tg(CMAH"**)Cmah” mdx

S V"
Irr)munilzed A A Immunilzed A A
with chimp RBG N » with chimp RBG '\, ,

Hj

Group 3
Cmah”mdx

EBN chow

Intramuscularly
injected with
rAAVrh74.CMV.Cre-GFP

(left Quad, Gastroc, and TA) EBN chow PSM chow
Group 2 Group 4
Tg(CMAH"®)Cmah”mdx Cmah”mdx

S A
Notimmunized /& A\ Immunized
with human RBG ﬁ, ,@

Hj

EBN chow PSM chow

£

EBN chow

Intravenously

injected with
rAAVrh74.CMV.Cre-GFP
or mock-injected control

Figure 2 Experimental plan for studying Neu5Gc immunity
and expression. Inducible transgenic (Tg) CMAH>" Cmah™~mdx mice were
used in groups 1 and 2 to allow for (Cre-mediated induction of CMAH
transgene expression, whereas Cmah™ mdx mice with no inducible
CMAH"** transgene were used in groups 3 and 4. Groups 1 and 2 were fed
mouse chow with protein sourced from edible bird’s nest (EBN), which is
Neu5Gc free, whereas groups 3 and 4 were fed either EBN chow or chow
formulated with porcine submaxillary mucin (PSM), which contains Neu5Gc.
Neu5Gc immunity was induced in groups 1 and 3 by immunization with
chimpanzee (chimp) red blood cell ghosts (RBGs), which contain Neu5Gc,
whereas group 4 was immunized with human RBGs, which do not contain
Neu5Gc. Group 2 was not immunized. Neu5Gc expression was stimulated by
inducing CMAH gene expression in group 1 with i.m. injection of
rAAVrh74.CMV.Cre-GFP into the quadriceps (Quad), gastrocnemius (Gas-
troc), and tibialis anterior (TA) muscle in one leg and in group 2 with i.v.
injection of the same vector. For groups 3 and 4, the only source of Neu5Gc
expression was dietary Neu5Gc.
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protein source, as the protein component of their mouse
chow. Cmah™"mdx mice fed a casein diet from conception
(ie, feeding of pregnant dams) onward until 10 months of
age showed only low anti-Neu5Gc staining in skeletal
muscles, unlike staining in Cmah™" muscle (Supplemental
Figure S6). This was coupled with punctate non-specific
staining from the secondary antibody, which was a com-
mon occurrence. No measurable Neu5Gc serum antibody
titers were identified in casein-fed Cmah ™ mdx mice (data
not shown), and no significant changes in muscle tissue
pathology or wasting, or in muscle function, occurred when
compared with Cmah ™~ mdx mice fed soy chow, including
measures of percentage of myofibers with central nuclei
(Supplemental Figure S7A), average myofiber diameter
(Supplemental Figure S7B), percentage of nonmuscle area
(Supplemental Figure S7C), serum creatine kinase activity
(Supplemental Figure S7D), and muscle-specific force in the
extensor digitorum longus and diaphragm muscle
(Supplemental Figure S8, A and B). There were, however,
several exceptions; force drop on repeated eccentric con-
tractions in the extensor digitorum longus of Cmah ™~ mdx
mice was reduced (Supplemental Figure S8C), total
diaphragm force was increased in mdx and Cmah ™ mdx
mice fed the soy diet relative to mice fed the casein
diet (Supplemental Figure S8B), and there was a
significant decrease in nonmuscle area in the gastrocnemius
muscle for soy-fed versus casein-fed wild-type mice
(Supplemental Figure S7C). In addition, there was a
trend toward increased Gastroc muscle wasting
(Supplemental Figure S7C), elevated serum creatine kinase
(Supplemental Figure S7D), and reduced diaphragm tetanic
force (Supplemental Figure S8B) in Cmah™’ mdx mice
relative to mdx, regardless of diet.

To further enrich for Neu5Gc in diet, mice were fed a
chow formulated with PSM, a protein source that increased
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Neu5Gc content 40-fold relative to casein, or EBN, a
Neu5Ge-deficient NeuSAc-rich protein source. Again,
PSM-fed mice showed low levels of Neu5SGc immuno-
staining (Supplemental Figure S9), a pattern consistent with
Neu5Gec staining previously reported in normal human and
DMD muscle biopsies.*”' Neu5Gc expression, however,
could not be identified by HPLC analysis (Supplemental
Figure S10), suggesting expression could only be
observed with the more sensitive immunostaining method.
C2C12 myotube cultures, which can take up Gce-containing
monosaccharides,5 % were used herein as a positive control.
Thus, even over the course of months, dietary uptake of
sialic acid, in a protein source, provided for only minor
incorporation of Neu5Gc content to skeletal myofibers of
Cmah™ " mdx mice, with no induction of anti-Neu5Gc an-
tibodies or worsening of disease phenotypes.

More Severe Disease Phenotypes in Cmah™~mdx Mice
with Neu5Gc Expression and Anti-Neu5Gc Antibodies

To address the role of Neu5Gc immunity, a four-cohort study
was undertaken with both Neu5Gc expression, either through
diet or CMAH transgene expression, and immunization with
Neu5Gc as variables (Figure 2). In groups 1 and 2, LoxP-
flanked ~CMAH  transgenic ~ Cmah™’“mdx  mice
(CMAH"** Cmah™"mdyx) were used to allow for induction
of CMAH gene expression by Cre-mediated recombination.
Cre expression was induced by injection of an AAV vector
bearing the Cre transgene as a fusion protein with green
fluorescent protein (GFP; rAAVrh74.CMV.Cre-GFP), as
done previously.”” CMAH transgene expression was induced
either in the muscles of a single limb (group 1), by i.m. in-
jection, or systemically in all muscles and nonmuscle tissues
(group 2) by i.v. injection. Group 1 and 2 mice were fed EBN
chow so as to eliminate possible dietary NeuSGc loading.
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Serum antibody titers to Neu5Gc and biodistribution of adeno-associated virus (AAV) vectors. A: Anti-Neu5Gc antibody titers were measured in

serum in all mice in groups 1 to 4 at 2 weeks (open circles), 4 months (closed circles), and 6 months (open squares) after the final immunization. B and C: AAV
vector genome (vg) biodistribution was quantified in group 1 (B) or group 2 (C) muscles, including left (L; open circles) or right (R; closed circles) quadriceps
(Quad), gastrocnemius (Gastroc), and tibialis anterior (TA), as well as heart (open squares) or diaphragm (gray squares). Lines show the mean value for each
group. AAV vg were measured relative to 1 ng of genomic DNA. n = 5 to 9 per group (A); n = 3 per group (B and C).
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Groups 3 and 4 consisted of Cmah™" " mdx mice with no
floxed CMAH transgene. Herein, mice were fed either PSM or
EBN chow to allow for comparison of Neu5Gc provided from
diet (with PSM having Neu5Gc and EBN not). Group 3 (and
group 1) had serum anti-Neu5Gc antibodies induced by im-
munization with chimpanzee RBGs, which are rich in
Neu5Gc, whereas group 4 was immunized with human
RBGs, which lack Neu5Gc. Mice were given three immuni-
zations, each spaced 1 week apart, between 2 and 4 months of
age. AAV-Cre injections were then given to induce Neu5Gce
expression (groups 1 and 2) between 4 and 5 months of age,
with analysis of tissues done at 6 months after injection (by 11
months of age).

At 2 weeks, 4 months, and 6 months after injection,
serum from all four groups was assayed for anti-Neu5Gc
antibody titers (Figure 3A). Mice in group 1 had high serum
anti-Neu5Gc titers, averaging 4 to 5 pg/mL at 4 and 6
months after immunization. However, development of
antibody titers was highly variable between mice, with only
three of five mice with titers of >4 pg/L at these time points.
By contrast, only one mouse in group 2 (of six) had a high
titer (2 pg/mL) at 6 months after AAV delivery, whereas
several others had much lower, but still measurable, titers
(between 0.1 and 0.4 pg/mL). As in group 1, about half of
mice in group 3 had high Neu5Gc titers, with the overall
average for this group being >6 pg/mL at 2 weeks after
immunization. Unlike group 1, however, mice in group 3
showed reduced Neu5Gec titers over time, averaging about 4
pg/mL at 4 months and 2 pg/mL at 6 months. As expected,
group 4 showed low anti-Neu5Gec titers (all <0.16 pg/mL at
6 months), as these mice were not immunized with an
Neu5Gc-containing antigen. Both group 1 and group 3
showed significant differences (P < 0.05) compared with
group 4 in Neu5Gc titer, even at 2 weeks after the final
immunization.

Measures of AAV biodistribution were sampled in mice
in groups 1 to 4 by quantitative PCR against a known DNA
standard. Mice with high and low anti-NeuSGc titers
showed similar distributions (data not shown). In group 1,
im. injections of (left) Gastroc, quadriceps, and tibialis
anterior muscles led to transduction with AAV vg levels that
exceeded 1 vg per muscle nucleus (or 1.7 x 10° vg/ng
genomic DNA) (Figure 3B), in theory a saturating level of
AAV transduction. On the other hand, systemic i.v. in-
jections in group 2 led to even, but typically subsaturating,
levels of AAV in limb muscles. Group 2, however, showed
higher transduction in heart and diaphragm than group 1, as
expected (Figure 3C). Because the rAAVrh74 serotype is
particularly adept at crossing the vascular barrier, some
bleed through to noninjected muscles was expected in group
1, although these levels were typically two logarithms below
the level of AAV transduction level found in the injected
muscles. As expected, group 3 and 4 had undetectable (<50
vg/ng genomic DNA) levels of AAV.

Anti-Neu5Gc  immunostaining  identified Neu5Gc
expression in AAV-Cre—injected muscles in group 1 mice

The American Journal of Pathology m ajp.amjpathol.org

(eg, in an injected Gastroc) (Figure 4). This local induction
of muscle CMAH expression, however, resulted in addi-
tional Neu5Gc expression in all contralateral noninjected
muscles, heart, and diaphragm by 6 months after injection
(Figure 4). Although im.-injected muscles showed high
transduction of the AAV vector, at or exceeding 1 vg/nu-
cleus in muscle tissue, AAV transduction in contralateral
noninjected leg muscles, diaphragm, and heart was only 1
vg per 200 nuclei (Figure 3B), which would likely not allow
for sufficient CMAH transgene expression to see such
widespread Neu5Gc staining. Thus, i.m. injection likely
resulted in secretion of NeuS5Gc-containing glycoproteins
from the injected group 1 muscles or from liver (which can
take up AAV at high levels, even when muscle is
targeted’”). Similar expression results were obtained after
i.v. delivery of Cre in CMAH"*** Cmah™""mdx mice, where
at 6 months all muscles showed Neu5Gc expression,
whereas mock-injected controls did not (Figure 4). Groups 3

Gastroc

Group 1+ AAV ?
(inject)/(contralateral)

Group 2 (AAV)/(PBS)

Diaphragm

Group 1/group 3

Group 2 (AAV/PBS)

Heart
Group 1/group 3

Group 2 (AAV/PBS)

Figure 4  Neu5Gc immunostaining in skeletal muscle, diaphragm, and
heart. Sections from gastrocnemius (Gastroc), diaphragm, and heart muscle
were stained with anti-Neu5Gc antibody. Gastroc: Left [group 1; adeno-
associated virus (AAV)—Cre injected] versus right (group 1; contralateral
muscle, mock infected) and left (group 2; AAV-Cre injected) versus right
[group 2; phosphate-buffered saline (PBS) injected]. Diaphragm and heart:
Left (group 1) versus right (group 3) and left (group 2; AAV-Cre injected)
versus right (group 2; PBS injected). All images shown are time-matched
exposures. Scale bar = 200 pm.
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(Figure 4) and 4 (data not shown) showed no significant
Neu5Gc expression in time-matched images and appeared
similar to control (PBS-injected group 2) muscles,
suggesting that functional CMAH expression was required
to achieve high levels of muscle Neu5Gc staining.

There were three significant findings from this
experiment. The first was that induction of CMAH
expression, with concomitant induction of anti-Neu5Gc
antibodies, in group 1, led to decreased survival within
the 6 months of Cre-mediated CMAH expression analyzed
(Figure 5A). More than half of group 1 mice failed to
survive in the 11-month completion age of the experiment,
and all group 1 mice that failed to survive died after
completion of the immunization and AAV injection. No
mice, by contrast, died prematurely in groups 2, 3, or 4.
Thus, induction of CMAH expression, in the presence of
Neu5Gc immunity, led to a shortened lifespan in half of
group 1 animals.
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Figure 5

The second finding was that the mice that remained in
group 1 showed significant increases in muscle wasting, or
absence of muscle tissue in muscles sections, relative to
control, for both the gastrocnemius and diaphragm muscle
(Figure 5, B and C). Group 1 also showed a significant
increase in muscle fibrosis in the heart, relative to controls,
and to group 3 and group 4 (Figure 5D). Hematoxylin and
eosin staining showed increased muscle wasting, which
included fat and extracellular matrix deposition, in group 1
relative to group 3, and increased Sirius Red staining in the
heart (Figure 6). Interestingly, both group 3 and group 4
also showed a significant increase in muscle wasting in the
gastrocnemius relative to controls, which may reflect a role
for immunization in exacerbating disease pathology that is
independent of Neu5Gc (Figure 5B). This was not the case,
however, in the heart (Figure 5D), where group 1 showed a
significant increase in fibrosis relative to group 3 or group 4
as well as to control. Group 2 muscles also showed
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Decreased survival and increased fibrosis in group 1 mice. A: Percentage survival over time up to 11 months was measured in groups 1, 2, 3, and

4. Mice were immunized between months 2 to 4 and injected with adeno-associated virus (AAV) in group 1 between months 4 and 5. B: Percentage nonmuscle
area was calculated for gastrocnemius (Gastroc) using muscle cross-sections stained with hematoxylin and eosin. C: Percentage nonmuscle area was calculated
for diaphragm using muscle cross-sections stained with hematoxylin and eosin. D: Percentage fibrosis based calculated using Sirius Red/Fast green costaining
of heart sections. Error bars are SD (B—D). n = 3 to 5 mice per group, with five sections analyzed and averaged per data point. *P < 0.05, **P < 0.01, any
group versus control; TP < 0.05, any group versus group 4; P < 0.05, #P < 0.01, any group versus group 3. Gastroc, gastrocnemius.
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Group 1 Group 3 inflammation and fibrosis (Figure 7 and Supplemental
: Figure S12). Group 1 and group 3 both showed significant
increases in expression markers of cytotoxic T cells (CDS),
helper T cells (CD4), and macrophages (CD68) in the dia-
phragm, whereas group 1, but not group 3, showed signif-
icant increases for these same markers in heart and Gastroc
muscles (Figure 7A). Similarly, both groups 1 and 3 showed
significant increases in expression for cytokines (Ccl2, Ccl3,
Ccl5, 1l11B, and TNFa) in the diaphragm, whereas again
group 1, but not group 3, showed significant increases in the
heart and Gastroc (Figure 7B). In addition, group 1 AAV-
Cre—injected limb muscles showed significant increases for
CDS8, Ccl3, 1113, and TNF« expression relative to contra-
lateral (mock-injected) group 1 muscles in the same mice
(Supplemental Figure S13). Lastly, both group 1 and group
3 mice showed significant elevations in markers for muscle
fibrosis [galectin 3, collagen 1(al), and collagen 3(al)]
relative to mock-injected control in the diaphragm, whereas
elevated expression was more variable in heart and Gastroc
(Figure 7C).
A comparison of group 3 and group 4 muscles for the

Diaphragm

Heart

Gastroc

Figure 6  Evidence of increased fibrosis in group 1 and group 3 muscles.

Cross-sections of rolled diaphragm muscle or cross-sections of mounted same gene expression markers suggested that immunization
gastrocnemius (Gastroc) muscle were stained with hematoxylin and eosin, with Neu5Gc did not lead to significant elevations relative
whereas heart sections were stained with Sirius Red and Fast Green. Sections to mice immunized with Neu5Ac (Supplemental
from group 1 and group 3 muscles were compared. Scale bar = 200 pm. Figure S12). By contrast, Cre-injected group 2 mice had a
significant elevation in CDS8 expression in all three muscles

significant increases in wasting relative to controls in the relative to control (Supplemental Figure S12A) as well as
diaphragm and increased Sirius Red staining relative to significant elevations in most cytokines in diaphragm and
control, group 3, and group 4 in the heart (Figure 5, C heart (Supplemental Figure S12B) and in one heart fibrosis
and D, and Supplemental Figure S11). marker, Collal (Supplemental Figure 12C). Hearts in group
The third finding was that Neu5Gc immunization and/or 2 also showed a significant increase in Collal expression,
CMAH transgene-induced Neu5Gc expression often corre- consistent with increased fibrosis. Expression of three con-
lated with increased gene expression for markers of muscle trol genes encoding proteins in the muscle sarcolemma,
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Figure 7  Relative expression of genetic markers for T cells, macrophages, muscle inflammation, and muscle fibrosis after induction of Neu5Gc immunity
with or without CMAH transgene expression. Relative gene expression was measured for markers of helper (CD4) and cytotoxic (CD8) T cells and macrophages
(CD68; A), muscle inflammatory markers (B), and muscle fibrosis markers (C). Group 1 (closed bars) and group 3 (open bars) were compared with phosphate-
buffered saline—injected controls with no Neu5Gc immunity or expression. Error bars are SEM (A—C). n = 5 to 8 mice per group (A—C). *P < 0.05,
**P < 0.01, and ***P < 0.001 for group 1 or group 3 versus control. (cl2, C-C motif chemokine ligand 2 (also monocyte chemoattractant protein 1 or MCP1);
Ccl3, C-C motif chemokine ligand 3 (also macrophage inflammatory protein 1a or MIP1a); Ccl5, C-C motif chemokine ligand 5 (also RANTES or regulated on
activation, normal T-cell expressed and secreted); Col1, collagen 1(a.1); Col3, collagen 3 (a1); Gal3, galectin 3; Gastroc, gastrocnemius; Tnfa, tumor necrosis
factor-o.
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dystroglycan (Dagl), o sarcoglycan (Sgca), and laminin o2
(Lama2), showed no increases in any group relative to
control (data not shown). In aggregate, these gene expres-
sion studies suggest that CMAH transgene expression, either
alone (group 2) or in the context of elevated Neu5Gc anti-
bodies (group 1), can induce expression of markers of
muscle inflammation in Cmah ™ mdx mice.

Discussion

Modeling the human CMAH gene inactivating deletion in
Cmah™"~ mice has led to numerous insights into how
changes in the human sialoglycome may have altered
human biological function. Mice lacking Cmah have
impaired wound healing, impaired hearing, an increased
propensity to diabetes, a changed gut microbiome and
responses to bacterial challenge, altered responses to tumor
cell metastasis, and increased inflammatory responses,
which in the case of lipopolysaccharide challenge can cause
increased death.'” ' These same increased inflammatory
responses are largely found when Cmah mice are crossed
into mouse models for muscular dystrophy (mdx and Sgca™
7). Another subsequent study has shown changed car-
diac function.”’

Herein, it was found that the increased disease severity of
Cmah™""mdx correlated with the presence of anti-Neu5SGc
immunity and Neu5Gc expression in muscle. In the
absence of Neu5Gc immunity, more muted phenotypic
changes were found in Cmah ™" mdx mice relative to their
mdx counterparts, but the severity of these phenotyping
changes could be increased by adding back anti-Neu5Gc
immunity through immunization with Neu5Gce-rich chim-
panzee red blood cell ghosts, coupled with inducing CMAH
transgene overexpression to produce large amounts of
Neu5Gc. Anti-Neu5Gce antibodies could also be induced,
albeit at lower levels, by systemic CMAH transgene
expression in Cmah ™~ mdx mice in the absence of immu-
nization with Neu5Gc, which also impacted disease,
particularly in the heart. Mice immunized with a Neu5Gc-
rich immunogen, in combination with muscle CMAH
transgene expression, showed significant decreases in
survival and increases in skeletal muscle wasting and
cardiac fibrosis.

These studies suggest that such dietary loading of sialic
acid into skeletal muscle in Cmah ™’ mdx mice, at least
using a glycoprotein source for the Neu5Gc glycan, does not
occur to an appreciable degree. Although it is still not clear
how to account for the varied Neu5Gc expression that may
occur in Cmah™'"mdx muscles, sialic acid, as a mono-
saccharide, can be loaded into skeletal muscle from diet
when given in high amounts.”” Thus, sialic acid expression
in Cmah-deficient muscles, including human muscles, may
vary depending on diet in ways that are not easily controlled
for. Dietary glycoprotein would be the predominant source
of Neu5Gc in a normal human diet, although the presence of
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Neu5Gc in other tissues, where Neu5Gc is known to be
more readily loaded from diet,'” may also contribute to
muscle disease in ways not yet explored. Although these
experiments were generally unsuccessful in inducing
Neu5Gc autoimmunity in Cmah ™’ mdx mice using only
dietary Neu5Gc loading from a glycoprotein source, humans
clearly show a more robust induction of dietary-based
Neu5Ge autoimmunity, which may be triggered by the
scavenging and presentation of dietary NeuSGc on lipo-
oligosaccharides of human-specific commensal pathogens,
such as nontypeable Hemophilus influenzae."> The mouse
digestive system microbiome may also possess bacteria that
can present dietary Neu5Gc to induce Neu5Gc autoimmu-
nity, but these microbes have not yet been defined.
Inducing anti-Neu5Gc immunity in Cmah ™ mdx mice is
important for modeling DMD human disease not only
because it can impact disease severity but because anti-
Neu5Gc antibodies can be present in DMD patients.
These experiments have shown that anti-Neu5Gc antibodies
are present at increased levels in some, but not all, DMD
patients relative to age-matched otherwise normal subjects,
and that such antibodies recognized Neu5Gc in the context
of a large number of different subterminal glycan structures.
As Neu5Gc expression is detectable in DMD skeletal
muscle,’’  such anti-Neu5Gc antibodies could target
Neu5Gc present in muscle to increase disease pathogenesis,
exacerbating muscle inflammation. Thus, xenosialisitis
caused by Neu5SGc may help amplify muscle inflammation
that is already present in DMD, which in turn may drive
further Neu5Gc uptake in muscle, generating a vicious
cycle. Neither of these mechanisms are expected to be
present in the absence of muscle disease (eg, in healthy
human or Cmah ™"~ muscle). Furthermore, as anti-Neu5Gc
antibodies against many Neu5Gce-containing glycans
showed significant reductions with age in DMD patients, the
contribution of xenosialitis to disease might be greater in
younger patients, in whom more muscle mass is
present. Given that dietary intake of Neu5Gc appears to be
sufficient to induce Neu5Gc autoimmunity in humans, and
can begin shortly after weaning,'” such results raise the
possibility that eliminating dietary Neu5Gc (eg, red meat)
may ameliorate DMD disease pathology and progression.
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