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Epigraph

When we try to pick out anything by itself,

we find it hitched to everything else in the universe.

—John Muir
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in some other animal lineages, it is functionally intact in Old World primates, including
our closest relatives, the chimpanzees. Chapter 1 is a thorough but concise review of the
known consequences of Neu5Gc loss. We have speculated that hominin CMAH loss
contributes to human evolution, at a time where our ancestors were using stone tools,
increasing their consumption of meat, and possibly hunting. In Chapter 2, we show that
when modeling Cmah loss in mice, they manifest a decreased survival in endotoxemia
following bacterial lipopolysaccharide (LPS) injection. Macrophages and whole blood
from Cmah™ mice also killed E. coli K12 bacteria more effectively and this appears to be
a conserved difference between humans and chimpanzees. While multiple mechanisms
are likely involved, one cause is altered expression of C/EBPf, a transcription factor
affecting macrophage function that can be differentially expressed by simply feeding
Neu5Ge to Cmah™ macrophages. In Chapter 3, we show that Cmah” mice have a greater
exercise capacity. Remarkably, the gastrocnemius complex time to fatigue measured in
situ was more than 2-fold higher in non-exercise trained Cmah” mice when compared to
WT controls. Mechanistically, the capillary to muscle fiber ratio is higher in Cmah™
soleus, which could be contributing to a greater oxygen delivery during fatigue testing.
After exercise training, metabolites in the pentose phosphate pathway and amino acid
metabolism are also enriched in exercise-trained Cmah” soleus compared to WT,
indicating a greater anabolic response. C/EBPJ, a transcription factor involved in
regulation of metabolic and inflammatory pathways is also differentially expressed in
Cmah” muscle. Therefore, we propose that the loss of CMAH in Homo likely allowed for
greater bacterial killing and a greater maximum aerobic capacity. We speculate that this

could have been a selective advantage when Homo transitioned towards persistence
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hunting and greater consumption of meat, but is likely coupled with a greater

susceptibility to inflammatory pathologies and endotoxic shock.
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Chapter 1

Biochemical, Cellular, Physiological and Pathological

Consequences of Human Loss of N-Glycolylneuraminic Acid

Jonathan Okerblom' and Ajit Varki.

Glycobiology Research and Training Center (GRTC) and
Center for Academic Research and Training in Anthropogeny (CARTA),
Departments of Medicine and Cellular & Molecular Medicine,

University of California, San Diego, La Jolla, CA, 92093-0687, USA,

'Biomedical Sciences Graduate Program, University of California, San Diego, La Jolla,

CA, 92093-0687, USA



Abstract (250 words)

About 2-3 million years ago, A/u-mediated deletion of a critical exon in the
CMAH gene became fixed in the hominin lineage ancestral to humans, possibly through a
stepwise process of selection by pathogen targeting of the CMAH product (the sialic acid
Neu5Gce), followed by reproductive isolation via female anti-Neu5Gc antibodies. Loss of
CMAH has occurred independently in some other lineages, but is functionally intact in
Old World primates, including our closest relatives, the chimpanzees. While the
biophysical and biochemical ramifications of losing tens of millions of Neu5Gc hydroxyl
groups at most cell surfaces remains poorly understood, there are multi-scale effects
functionally relevant to both sides of the host-pathogen interface. Hominin CMAH loss
may also contribute to understanding human evolution, at a time where our ancestors
were starting stone tool use, increasing their consumption of meat, and possibly hunting.
Comparisons with chimpanzees within ethical and practical limitations have revealed
some consequences of human CMAH loss, but more has been learned using a mouse
model with a human-like Cmah inactivation. For example, such mice can develop
antibodies against Neu5Gc that could affect inflammatory processes like cancer
progression in the face of Neu5Gc metabolic incorporation from red meats, display a
hyper-reactive immune system, a human-like tendency for delayed wound healing, late
onset hearing loss, insulin resistance, susceptibility to muscular dystrophy pathologies,
and increased sensitivity to multiple human-adapted pathogens involving sialic acids.
Further studies in such mice may provide a model for other human-specific processes and

pathologies involving sialic acid biology that have yet to be explored.



1. Introduction
1.1. Background

The most complex and rapidly evolving class of biological macromolecules
appear to be glycan chains, which coat virtually all cell surfaces in nature,.!'"! display
remarkable diversity in length, order, linkage type, modifications and branching structure
and have numerous biological roles.”) This review focuses on a human change in sialic
acids, which are a family of 9-carbon backbone acidic monosaccharides that commonly
terminate the glycan chains of the animals of the deuterostome lineage, as well as some
successful bacterial pathogens of deuterostomes.””! In mammals, there are ~10°-10° sialic
acids present on each cell of all major tissues, prominently composed of N-
acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc) (Figure 1-
1).1415 1529 This review focuses on the human loss of Neu5Gc, which differs from the
precursor sialic acid Neu5SAc through enzymatic addition of a hydroxyl group to the N-

acetyl moiety at C-5.12"-2%

1.2. Discovery of Sialic Acids

In 1936, Gunnar Blix reported that acid hydrolysis combined with fractionation of
bovine submaxillary mucin resulted in the crystal formations of an unknown sugar,*>**!
which he did not name “sialic acid” until 1952.**) Meanwhile in 1935, Ernst Klenk
discovered gangliosides in the brain tissue of a patient with Niemann—Pick’s disease!** *!
and in 1941 independently described an acid hydrolyzed carbohydrate component that he

named “neuraminic acid”.*”! Ultimately it was confirmed that Blix and Klenk were

describing the same family of sugars®® and in 1957 Blix, Klenk, and Gottschalk (who



was studying influenza virus receptors) all agreed to “avoid further confusion” by

officially calling them sialic acids.””! But the two names have persisted to this day."*"

More than 50 types of sialic acids originating from the two “primary sialic acid

[31-34

backbones” (Neu5Ac and Kdn) have now been described in nature, I but the two most

prevalent in mammals are NeuSAc and Neu5Ge.?+3!

1.3. Werner Reutter’s Major Contributions to Sialic Acid Biology
This journal issue is dedicated to the memory of Professor Werner Reutter, a
pioneer in the study of sialic acids. A little over a decade after reporting the famous D-

[36

galactosamine study,”® Reutter and colleagues began making key contributions to the

field of sialic acid biology by studying the biosynthesis®” and half-life of Neu5Ac in

[38, 39

normal, cancerous (hepatomas), regenerating, and neonatal livers. I After discovering

that UDP-GIcNAc 2-epimerase (GNE), a key enzyme in sialic acid biosynthesis, was

downregulated in hepatomas compared to normal livers,””

they cloned and characterized
the activity and reported it to be a bi-functional enzyme having both UDP-GlcNAc 2’-
epimerase and ManNAc kinase activity.***? GNE was subsequently discovered to be the
gene mutated in Inclusion Body Myopathy 2.[*) the most common hereditary inclusion
body myopathy affecting humans.*¥

Simultaneously, Reutter’s group revolutionized the field of metabolic sialic acid
glycoengineering when they discovered that adding 2-deoxy-2-propionamido-D-mannose
(ManNProp) or to a lesser degree 2-deoxy-2-propionamido-D-glucose (GIcNProp) to

liver homogenates resulted in the biosynthesis of N-propylneuraminic acid (NeuProp), a

completely unnatural sialic acid that retained the propyl group from its modified



metabolic precursors.*”! A series of subsequent studies by Reutter, Bertozzi and others
revealed that modified metabolic precursors (particularly modified mannosamines) could
be incorporated as modified sialic acids onto cell surfaces as a tool for understanding

biological relevance.!® #6763

2. N-Glycolylneuraminic Acid (Neu5Gc), a Common Sialic Acid
2.1. History of Medical Primatology and Genomics.

Over a century ago at the Pasteur Institute in France, Dr. Elie Metchnikoff and Dr.
Pierre Paul Emile Roux combined their Madrid Medical Congress and Ifla-Oziris awards
to purchase a cohort of chimpanzees and successfully develop the first animal model for
an infection affecting over 10 percent of the human population in Paris at the time:

[64

syphilis.'” Metchnikoff and colleague Besredka subsequently developed the first non-

human primate model for studying typhoid/enteric fever!®> !

and together, this
pioneering work strongly contributed to the modern era of medical primatology.[®” Many
years later, the introduction of protein and nucleic acid sequencing revealed the
remarkable genetic similarity of humans and chimpanzees, eventually leading to the
famous hypothesis of King and Wilson, that “their macromolecules are so alike that
regulatory mutations may account for their biological differences”.!*”! It took more than
20 years for the discovery of the first clear-cut exception to this hypothesis, the selective

[68]

absence of Neu5Gc in humans,”™ which was shown to be due to an inactivating exon

deletion in CMP-Neu5Ac Hydroxylase (CMAH) that became fixed in the Homo lineage

sometime after the divergence from chimpanzees.[*” ™!



This and subsequently discovered genetic and biomedical differences!’' "

[75

motivated the initial sequencing of the chimpanzee genome!”! and ongoing sequencing of

other non-human primate genomes with the aim of determining genetic components

[76.77. 771 Today we also know

specifically accounting for these differences in phenotypes.
that despite our genetic similarity with other primates, there are specific infections and
diseases that primarily affect humans and some cannot be adequately modeled in non-

human primates.’® Some of these that involve sialic acid biology are discussed further

below.

2.2. Sialic Acid Biosynthesis

In mammals, sialic acids are produced through the hexosamine biosynthesis
pathway (HBP), which is rate limited by the conversion of fructose-6-phosphate to
glucosamine-6-phosphate by Glutamine fructose-6-phosphate amidotransferase (GFAT).
Although GFAT only utilizes 1-5% of total glucose, dysregulation of this pathway has
been implicated in multiple metabolic diseases, such as diabetes, Alzheimer’s,
cardiovascular disease, and some cancers.”” ®! In the final steps of sialic acid
biosythesis, the primary sialic acids of vertebrates (NeuSAc and Kdn) are formed by the
condensation of ManNAc-6-P (Neu5Ac) or Man-6-P (Kdn) with phosphoenolpyruvate
(PEP). Neu5Ac can then be further modified at C-5 or be further modified at C-4, C-7, C-
8, and/or C-9 to generate over 50 different forms of sialic acids.*®**®"*2! In relation to
glycan biosynthesis in deuterostomes, sialic acids are unique in that they require a
monophosphate nucleotide donor (CMP) for activation®! and must travel to the nucleus,

in order to be activated into their CMP-conjugated form.** * Cytosolic CMP-conjugated



Neu5Gce is then produced by the hydroxylation of CMP-Neu5Ac by CMP-Neu5Ac
Hydroxylase (CMAH), the only known enzyme capable of Neu5Gc biosynthesis from

Neu5Ac in any living species.[® % 1 18- 86-88]

3. Human specific loss of NeuSGc expression

Given their high abundance in animal tissues, Neu5Gc and other structural
variants of Neu5SAc were already identified and characterized by the time the term “sialic
acid” was officially agreed upon in the 1950s.*”! Subsequently, it was reported that
CMAH was the hydroxylase/mono-oxygenase that converted the sugar nucleotide CMP-
NeuSAc to CMP-Neu5Gce in a complex mechanism requiring a variety of co-factors,
including cytochrome b5/b5 reductase, iron, oxygen, and NADH. Although humans
were long known to lack easily detectable levels of NeuSGc compared to other mammals,
the inability of humans to synthesize Neu5Gc was not immediately apparent, because
small amounts of this sialic acid were reported using antibodies, particularly on tumors

[89-94]

and fetal tissues. It was later shown that Neu5Gc in humans is incorporated from

dietary sources and presented on some epithelial and endothelial cell surfaces.”>™* In
1982, Roland Schauer noted that despite reports of NeuSGc presence in tissues, NeuSGce
production was missing in humans, possibly antigenic, and potentially contributing to
multiple pathological states”™, including “serum sickness” in human patients receiving
infusions of animal sera.”” '®! Sixteen years later, it was independently discovered by
two groups that humans lack a functional CMAH enzyme and are therefore incapable of

endogenous Neu5Ge production.®® Both groups reported a genomic mutation

eliminating a 92 bp exon in CMAH. While one report predicted the existence of a large



frame-shifted inactive protein,'®’ the other correctly showed the frame-shift resulting in a
small truncated inactive protein!’” (also see below). The ramifications of Neu5Gc loss

continue to be explored.”’- %% 10171061

3.1. Genetic basis of Human-specific Loss of Neu5Gc Expression
The human 478 bp region of genomic DNA deletion in CMAH including the 92
bp exon, was later shown to be due to an Alu-Alu fusion that eliminated the sequences

encoding the Rieske iron-sulfur-binding region, which is essential for its enzymatic

107-109]

activity.! Comparative genomic analysis revealed that chimpanzees, bonobos,

gorillas, orangutans, gibbons, baboons, and rhesus monkeys all contain an ancient A/uSq

[110, 111

retroposon I (subsequently designated sahA/uSq) ~350 bp downstream from the

human deletion site.'”’

I Although several other Alu elements were found in common
between humans and primates, humans uniquely contain an A/uY element arising from
the fusion (subsequently designated sahA/uY) that replaced both the sah4/uSq and the
missing 92 bp exon. Thus, sahA/uY-mediated deletion of the genomic DNA (478 bp),
including the 92 bp exon and intron fusion was proposed as the model for human CMAH

inactivation.['*”)

3.2. Timing of CMAH loss in the Hominin Lineage
Although technical limitations have prevented precise biochemical dating of

108, 112, 11 . .
08 112 151 multiple  genomic

CMAH pseudogenization in the hominin fossil record,'
methods (see below) deduced that hominin CMAH loss likely occurred about 2-3 mya,

during the biomechanical and immunological period of transition of early hominins from



forests to open savannahs.!"'*'® Although technically challenging, biochemical methods

were developed to successfully extract sialic acids from some H. Neanderthal fossils!'™

and the lack of detectable Neu5Gce in these bones confirmed that CMAH inactivation
occurred before the last common ancestor between H. sapiens and H. Neanderthals
~500,000 years ago.!'™ CMAH inactivation has since been independently confirmed
genetically by analyzing the limited Neanderthal and Denisovan genomic information

119-121]

that has become available.! Unfortunately, the same biochemical methods

originally used by our group on H. Neanderthals fossils failed to obtain a detectable

[122, 123

amount of sialic acid from H. erectus fossils, I'which likely decayed more rapidly in

11241 Therefore, three independent genomic methods were

subtropical or tropical climates.
employed to approximate hominin CMAH loss."* ' First, the timing of human Alu
mediated exon deletion based upon A/u sequence analysis approximated that CMAH
inactivation occurred 2.7 £ 1.1 mya. Second, molecular clock analysis of the CMAH
pseudogene based on the substitution rate at nonsynonymous sites vs. synonymous sites
estimated that CMAH inactivation took place 2.8 mya.l'"” However, these estimations
were based upon the divergence of humans and chimpanzees taking place ~5.3 mya,

125, 126]

which was subsequently estimated to have occurred ~6 myal and the estimation of

991" Finally, genealogical analysis of

CMAH inactivation was changed to 3.2 mya.
haplotypes under significant linkage disequilibrium on a 7.3-kb CMAH intronic region
was carried out on 132 chromosomes from 18 human populations worldwide and the

most common recent ancestor was approximated at 2.9 + 0.5 mya.!'® In summary, all

three genomic approximations performed on CMAH placed the initial hominin CMAH



10

[114, 127

loss in the era of the Australopithecines Jand just prior to the emergence of genus

Homo.

3.3. General Evolutionary Implications
The placement of hominin CMAH inactivation ~3 million years ago coincides

with major evolutionary changes in hominins transitioning from forests to open

savannahs, including biomechanical adaptation towards fully striding bipedalism,''® '**

129] 130-132]

increased consumption of other animals (expansion of prey base),! increased

[133-139] [116,

body and brain size, and the earliest developments of Oldowan stone tool use.

132, 140-143]

4. Proposed Mechanisms for Selection and Fixation of Human CMAH Pseudogene
4.1. Pathogen-mediated Selective Pressures

Many pathogens bind, synthesize, and/or utilize host sialic acids as a mechanism

[144-148]

of survival or virulence and many deadly human pathogens such as human

[149-153] [154] [155-158]

influenza, Salmonella typhi, and Plasmodium falciparum prefer
NeuSAc over Neu5Ge. Also, most pathogenic and viral sialic acid cleaving enzymes
(sialidases/neuraminidases) studied prefer Neu5Ac over Neu5Gc substrates,!>* ' which
could increase susceptibility for many infections.

Conversely, several pathogens have a binding preference for Neu5Ge,!'®'¢7]
including Plasmodium reichenowi, a close relative of P. falciparum that primarily infects
chimpanzees."”” P. reichenowi and P. falciparum were originally proposed to have

diverged from a common ancestor around the same time as their preferred hosts (the
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divergence of human and chimpanzee lineages): 5-7 million years ago (mya).l'®*

701 Subsequent molecular clock analyses indicated that P. falciparum is more likely the
outcome of a much more recent transfer,!'>*! from a gorilla to humans.!"”"! Thus, a current
hypothesis is that hominins initially selected for the loss of CMAH were able to escape an

ancestral Neu5Gc binding pathogen related to P. reichenowi (discussed further below).

4.2. Sexual Selection via Cryptic Female Choice (female immunity to paternal
antigens)
Pathogen-mediated selection alone is unlikely to have led to a complete fixation

of CMAH loss and was more likely a selection force for a balanced polymorphism.!'””

or
even expression polymorphisms, which occurs in cats and some dogs.!'”>'7”) Therefore, a
second mechanism was proposed for fixation: sexual selection through detection of
Neu5Gce antigen on sperm by antibodies in the CMAH null female reproductive tract.
This hypothesis was tested in female Cmah™ mice that were systemically immunized
against Neu5Gc and had circulating anti-Neu5Gce antibodies. When breeding with male
WT mice (whose sperm are decorated with Neu5Gce), a major reduction (~30%) in
fertility was recorded.!'"”® ') It was also shown that human serum with high levels of

U781 Models of selection based on the

anti-Neu5Gce 1gG kills chimpanzee sperm in vitro.
frequency and strength of female incompatibility indicated that past an initial frequency
threshold, which could have been reached by drift or by pathogen mediated selection,
strong female sexual selection could have lead to rapid fixation of the loss of CMAH

function mutation.!'”®!
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5. A Mouse model for Human CMAH loss

Understanding the immediate ramifications of human CMAH is difficult, since

[168, 170]

our closest genetic ancestors diverged from us ~6 million years ago. and we have

since evolved independently. Also ethical, legal and practical issues limit research on
chimpanzees."*” A Cmah null mouse (Cmah'/ ") with the human-like exon deletion was
therefore generated to provide a practical model for studying the immediate loss of
CMAH as it would have happened in hominins ~3 million years ago. Cmah™ mice have

several human-like phenotypes (Table 1-1), including the induction of anti-Neu5Gce

[181]

antibodies." ° ', enhancement of cancer inflammation and progression of Neu5Gc

.. 182-1 . .
containing tumors.”” "] enhanced immune clearance of recombinant Neu5Gc

186] 187]

containing therapeutics.!'®, delayed skin wound healing.!"*”!, enhanced age-related

187,188 [189-191]

hearing loss.! ] altered immune responses. , sexual selection through Neu5Gce

178, 179] 192-194]

antigenicity.! , altered susceptibility to metabolic disorders.! , altered

195-197]

susceptibility to muscular dystrophy.! , and a xeno-antibody response against the

vascular endothelium after nutritional incorporation of Neu5Ge.!"”®

6. Biochemical Consequences of CMAH Loss in Humans
6.1. Redox Metabolism

CMAH oxidoreductase activity requires Fe*" and a reducing cofactor (NADH or
NADPH) for its enzymatic activity./! Therefore, disruption of CMAH activity could
potentially change redox metabolism."*), possibly by altering of the NAD":NADH
steady state. Genetic evidence has led to speculation that CMAH loss could indirectly

188]

lead to increased oxidative damage.!'®™ and these mechanisms have been proposed to
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explain gene expression differences observed during changes in metabolism or age-

(187, 188, 192, 193] A detailed biochemical

related hearing loss observed in Cmah™ mice.
quantification of NAD":NADH and ROS levels in relevant Cmah™ tissues is of major

interest and has not yet been performed.

6.2. Metabolic Incorporation, Recycling, and Degradation

Although human pseudogenization of CMAH results in complete loss of
enzymatic activity, the CMAH pseudogene (CMAHP) is still transcribed, particularly in
human stem cells where NeuSGc uptake was reported to modulate Wnt/B-catenin
signaling.”¥ Thus far, this finding has not been mechanistically explained. This work,
along with evidence that feeding Neu5Gc to primary human T cells suppresses their cell

proliferation after activation.!™”

, suggests that independent of CMAH oxidoreductase
activity, metabolic incorporation of Neu5Gc from exogenous sources can affect some cell
signaling processes. More recently, NeuSGce feeding has been found to suppress bacterial
killing by macrophages from Cmah”™ mice and humans, where the expression of the
transcription factor C/EBPB was also suppressed.!'”! Further studies are needed to
systematically elucidate the possible mechanisms contributing to the observed
phenotypes (Table 1-2).

Free exogenous sialic acids can be taken up by cells through macropinocytosis
and transported into the cytosol by the lysosomal transporter sialin.”*”), which can be
upregulated in hypoxic conditions including in cancer tissue.”"! Thus, the feeding of

sialic acid is regulated by endolysosomal transport, which is very different from the

feeding of the artificial peracetylated mannosamines that diffuse across cell membranes
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and can become unnaturally hyper-enriched within the cytosol.*** Cytosolic sialic acids
can then be activated into CMP-Sias and utilized, as if they were endogenously produced.
Similarly, endogenous cell surface sialic acids cleaved by the most abundantly expressed

endolysosomal sialidase NEU1 experience a similar recycling via the transporter

sialin.?%

NEUI-mediated sialic acid catabolism and transportation occurs frequently, in
order to maintain cell “steady state”. Furthermore, NEU1 has long been considered the
only “clinically relevant” neuraminidase, since loss of its expression and/or function
results in the lysosomal storage and neurodegenerative disorder sialidosis.*">) However,
there are three other vertebrate sialidases primarily involved in sialic acid catabolism that
are less abundantly expressed (NEU2-NEU4) but play significant roles in many

biological functions. Neu2 is cytosolic and highly expressed in muscle, where it is also

204

found in the nucleoplasm.*® NEU3 is plasma membrane associated and primarily

205]

targets cell surface gangliosides. NEU4.2%! is associated with intracellular membranes

such as the endoplasmic reticulum and mitochondria.??*>%! Sialic acids are constantly
being cleaved by these host sialidases and reutilized in new glycoconjugates before

degradation, which may explain why the rate of sialic acid turnover is particularly slow in

[209

some tissues, such as brain.”* The half-life in normal liver, where glycans are primarily

[30] 35, 38, 210

protein bound.”” is ~33 hours.! ! and the half-life in brain, where glycans are

(211 212 pylsing with

primarily lipid bound.P” varies greatly between 4 and 45 days.
Neu5Gce in a human B-cell lymphoma cell line yielded a similar half-life to what has

been observed in brain tissue (~4 days).*'”
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Although Neu5Ac and Neu5Gce are handled similarly by enzymes of the
hexosamine biosynthetic pathway, terminal degradation of Neu5Gc results in the
production of glycolate while degradation of NeuSAc results in the production of
acetate.”'* 2!l (Figure 1-2). Thus, once CMAH converts Neu5Ac to Neu5Ge, the acetyl-
to glycolyl- conversion is irreversible and potentially affects the metabolic homeostasis
of acetate:glycolate ratios in cell metabolism. Since millions of sialic acids are constantly
being recycled and degraded within a cell on a regular basis to maintain a steady state,

251 drives

it’s not clear if intracellular acetate, which is quickly converted to Acetyl-CoA.!

metabolism in a different direction than glycolate, which is converted to oxalate.*'®! or
(214] i : - . [188,193] . .

glyoxylate. Beyond limited gene expression studies. , the true ramifications of

these altered metabolic fates during constant degradation to maintain steady state have

not been fully explored.

7. Cell Biological Consequences of CMAH Loss in Humans

Sialic acids have a multitude of functions on cell surfaces, such as repulsion of

217221 [222, 223

other cells.! 1 protection from proteases. ], and modulation of certain cell
. . [98, 224-230] . . . .
signaling pathways. Some areas of interest regarding the ramifications of

Neu5Gc loss on specific cellular processes are discussed below.

7.1 Potential Biophysical Effects
Although the effects of sialic acids on cell repulsion and adhesion has been
extensively characterized.””), very little is known about whether the structural differences

between NeuSAc and Neu5Ge could alter these processes.'”*""**? Theoretically, the loss
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of Neu5Gc and subsequent loss of millions to tens of millions of hydroxyl groups at the
terminal cell surface could systemically culminate in global and compartmental changes
in membrane hydrophobicity between humans and other species (e.g. mice and

228]

chimpanzees). For example, in “gangliosides patches”.***! or lipid raft compartments,

small changes in interactions involving Neu5Ac vs. Neu5Gc are potentially magnified in

[233]

concentrated compartments or through multivalent interactions. Changes in the

[234], therefore

partition coefficient of a drug alters its diffusion rate across membranes.
changes in membrane hydrophobicity (through loss of Neu5Gc) could affect the diffusion
of hydrophobic molecules across membranes. Although drug permeability has been
studied extensively between species.”*> %) the effect of human Neu5Gce loss on drug

permeability or the permeability of gasses and molecules that diffuse across cell

membranes (such as oxygen and carbon dioxide).*” *** has yet to be tested.

7.2. Changes in Siglec Binding

Changes in the ratio of Neu5Gc:NeuSAc could potentially alter cell reactivity
through changes in the binding of sialic acid ligands to complementary receptors, the
Siglecs. Siglecs are Ig superfamily sialic acid binding lectins that commonly interact with
host sialic acids on immune cells as self-associated molecular patterns (SAMPs) that
suppress MAP kinase signaling and subsequent inflammatory responses.”***1 This
phenomenon is also exploited through Neu5Ac sialic acid mimicry by multiple invading
pathogens.['*7- 148 2442461 Giolecs are rapidly evolving and highly variable across

[247, 248

species. 1. making it difficult to model human siglec biology in mice that have no

functional equivalents to human Siglec-5, Siglec-6, Siglec-7, Siglec-11, Siglec-XII,
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Siglec-13, or Siglec-14.2*> %% Some human Siglecs have also evolved particularly

rapidly such as human Siglec-9, which binds both Neu5Ac and Neu5Gc relatively

equally whilst chimpanzee and gorilla Siglec-9 strongly prefers to bind Neu5Ge.!**!

Furthermore, some Siglecs, such as sialoadhesin (Siglec-1).2°* ***! and MAG (Siglec-
4).12%2% have a conserved preference from mice to humans for Neu5Ac over Neu5Ge
and it is therefore likely that human Neu5Gec loss increased their binding and signaling

activity.”>" In mice, CD22 (Siglec 2) has a strong preference for Neu5Ge. Since CD22 is

257-259

highly expressed on B cells (and to a lesser degree in T cells.! 1, loss of inhibitory

signaling through loss of Neu5Gc ligands has been the proposed mechanism for the B-

cell hyperreactivity observed in Cmah” mice.!' 1902601

7.3. Changes in Neuraminidase Susceptibility

Although glycosphingolipids (particularly gangliosides) account for ~80% of the

30]

total glycan mass in the brain."", neuronal plasticity and development is heavily

regulated by very long polysialic acids (PSA) that are primarily (~95%) conjugated to
NCAM (NCAM-PSA).12*172%] and catabolized by host neuraminidases.** % Despite its

presence in most mammalian tissues, Neu5Gc is present in brain endothelium but absent

41269

from the neuronal brain tissue of all animals teste J'A proposed mechanism for this

phenomenon has been attributed to a NEU1 preference for the a2-8NeuSAc linkages

. . e [269-271
common in brain polysialic acids.?**"!

over the a2-8Neu5Gc linkages commonly found
in fish eggs.”’*?" A recent study has shown that Neu5Gc overexpression in the nervous

system has multiple detrimental effects, including the loss of MAG ligand, impaired CNS
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mylination, increased PNS degeneration, impaired locomotor activity, and impaired

o [271]
recognition memory.

A series of studies have implicated endolysosomal NEU1 as a modulator of cell
signaling at the cell surface, where it is thought to relocalize and cleave relevant sialic

acids in a multitude of different signaling conditions, including the activation of receptor

275-279

tyrosine kinases and TLRs.! I Since most microbial sialidases have a NeuSAc or

Neu5Gc preference and host NEU1 prefers 02-8 linked NeuSAc over Neu5Gc, it may be
that NEU1 has a preference for the a2-3 or a2-6 Neu5Ac vs. Neu5Gc sialic acid linkages
commonly found on all host cell surfaces. If there is indeed a difference, this could

potentially contribute towards the differences in signaling observed when feeding

. . 4. 1 191
Neu5Gc in vitro P+ 1701911

7.4. Altered Cell Surface Sialic Acid 9-0-Acetylation
Another common modification of NeuSAc is its 9-O-acetylation, which can

inhibit surface recognition of sialic acids by some Siglecs (e.g. CD22) and certain

pathogens, while also preferentially binding other pathogens, such as influenza C.***

811 Compared to chimpanzees, humans were found to contain higher levels cell surface

[282

9-O-acetylation.”®”! and this phenomenon is similarly observed in Cmah™ vs. WT

mice."*”! Although 9-O-acetylation is found to disrupt CD22 (Siglec-2) binding in

[283] [260]

vitro.”™, genetic deletion in mice leads to the development of autoantibodies. and

more work is needed to determine how secondary changes in surface O-acetylation

through CMAH loss could be contributing to human inflammation and autoimmunity.***

285]
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7.5 Alterations in Cell Signaling
7.5.1. Hyperreactive Immunity

Post-translational glycosylation on B cell, T cell, and Toll-like receptors has been
shown to modulate recycling, activation, and apoptosis susceptibility through clustering
or other multivalent interactions.”* **”) Recent studies have rendered the removal or
reintroduction of Neu5Gc capable of modulating adaptive and innate immune cell

[189, 190, 206, 207, 225, 276, 277, 288-300

responses in both humans and mice. I Specific examples of

the role of sialic acid in hyperreactivity are discussed below.

7.5.1.1 T-cell Receptor (TCR) Activation

Compared to chimpanzees tested in captivity, humans mount a greater
proliferative response to a multitude of canonical T-cell receptor agonists, including -
TCR antibodies of multiple isotypes, l-phytohemagglutin, S. aureus super antigen, a

(296, 3011 The same

superagonist a-CD28 Ab, and in mixed leukocyte reactions (MLRs).
phenomenon was observed in Cmah™™ mice compared to WT controls.."””  Although
these differences were initially attributed to differences in Siglec expression, suppression
of human T-cell proliferation can be achieved simply by feeding Neu5Gce during TCR
activation, in conditions where there is no known difference in siglec expression or

1 . . .
(1%} There remain several unanswered questions about the influence

Neu5Gc preference.
of Neu5Gc on T-cell function, some of which are discussed in regards to HIV further

below.

7.5.1.2. B Cell Receptor (BCR) Activation
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The BCR forms complexes with multiple glycoproteins including Siglec-2
(CD22) and Siglec-G (Siglec-10 in humans) to modulate its threshold of activation.
Chronic desensitization through exposure to self associated molecular patterns (SAMPs)
are of particular importance to anergic B cells to help prevent autoimmunity and this has

been reviewed extensively elsewhere.”*” 2% It has been reported that Cmah”™ mice

[189]

display BCR hyperreactivity in vivo." ~, which is partially attributed to loss of CD22

(Siglec-2) ligand. Furthermore, BCR hyper-reactivity may also occur in human B-

[296]

cells.”™, which express a Siglec-2 that does not have a preference for NeuS5Ac vs.

Neu5Ge ligands in vitro.”"! Thus, CD22 preference alone may not explain the hyper-

reactivity observed in B cells, particularly since hyperreactivity is also observed in

human and mouse T cells.['*% 2]

7.5.1.3. Toll-Like Receptor 4 (TLR4) Activation and Bacterial Killing

Because Cmah” mice experience delayed wound healing."®”), greater

[195]

inflammation in some models of muscular dystrophy." ™, and increased growth of

182 we investigated the innate immunity of Cmah™

transplanted human tumor cells.!
mouse macrophages and re-examined the dogma that humans and chimpanzees mount
similar innate inflammatory responses to endotoxin. Results were consistent with
previous studies that established humans and chimpanzees to respond at the same order

3053991 A small increase in sensitivity of Cmah” mice to

of magnitude to endotoxin.
endotoxin ex vivo was also observed, with a more profound effect in vivo. We further

investigated a functional ramification of hyperinflammation (bacterial killing) and found

that both Cmah” mice and humans exhibited a greater capability to kill non-pathogenic
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bacteria vs. their WT and Chimpanzee counterparts.'”!! Thus, it can be speculated that
human CMAH loss might have been beneficial for clearing minor infections but could be

potentially deleterious in conditions of severe infection and endotoxic shock.

8. Physiological Consequences of CMAH Loss in Humans
8.1. Metabolic Disorders
Although the spontaneous development of Type 2 diabetes mellitus (T2DM) has

31031 it is now an epidemic (along with obesity) in unhealthy

been reported in apes.!
humans and a major pathological consequence of diabetes is pancreatic islet B-cell loss

due to apoptosis.’'?! It has been reported that Cmah™ mice may experience an altered

193] 192, 194]

glucose metabolism at baseline.!'”*! and after consumption of a high fat diet.!
Impairment of glucose metabolism after high fat diet in Cmah™ mice was attributed to
pancreatic B-cell failure rather than insulin resistance as determined by reduced
pancreatic islet area.l'”” Subsequently, WT and Cmah™ true littermate controls were
independently examined under different conditions."”  Although a detailed
quantification was not reported, a reduction in both pancreatic islet size and p-cell
number was independently observed and reported in Cmah” mice compared to WT
controls."*”! Thus, Cmah™ may have smaller pancreatic islets and reduced B-cells, which

[313

is interesting, since human pancreatic islets are smaller than monkeys.”'" and contain

fewer B-cells (and more a-cells) compared to rodents and most non-human primates.”'*
3151 A deeper investigation (including a detailed quantification of WT vs. Cmah™

pancreatic islets) into littermate controls under normal and high fat diet conditions is

necessary to further determine the effects of Cmah inactivity on islet cell distribution and
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glucose homeostasis. Thus, the role of Neu5Gce loss in diabetes mellitus susceptibility

remains to be clearly determined.

8.2. Delayed Wound Healing

187]

It has been reported that Cmah™ experience delayed skin wound healing.!"®"), with

no obvious differences in immune cell recruitment, angiogenesis, or keratinocyte
morphology reported. There has never been a follow-up study and the mechanisms
involved in this phenotype have never been characterized or described. It could be
speculated that the redox and/or macrophage changes mentioned before might be

involved in delayed wound healing in Cmah” mice.

8.3 Age-related hearing loss
By 9 months of age, Cmah” mice display reduced hearing sensitivities across all
frequencies, increased outer hair cell degeneration throughout the cochlea, and collapse

of the outer organ of Corti compared to WT controls.."*” This phenotype has been

401881

independently confirme , but the biochemical mechanisms involved in this

phenotype have not been characterized or described.

8.4. Gut Microbiome

The human body harbors trillions of microbes in the gastrointestinal (GI) tract.”'®

1) that are proposed to influence virtually every aspect of human health, including

[318]

immune cell function.” ™, metabolic disorders.*"

. 2 21
, neurodegeneration.”** **' and

[322, 323

cancer. ] Many gut microbes, including pathogenic types, have developed the
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capability to utilize host sialic acids as an energy source in multiple ways, either through
cleavage and/or scavenging with subsequent differential transport capabilities.!'*¢ 324328
Although sialic acid synthesis and neuraminidase preferences of many bacteria have been
studied in relation to the host-pathogen interface, whether or not these individual

microbes prefer Neu5SGe vs. NeuSAc as an energy source in culture or within the

intestine remains an open question to be explored in WT vs. Cmah™ mice.

9. Pathological Consequences of CMAH Loss in Humans
9.1 Antibody Production and Antigenicity

All humans who have consumed Neu5Gc express variable levels of circulating
anti-Neu5Gc antibodies. The antigenicity of humans against Neu5Gc is not inherited
from the mother and has been attributed to its cell surface presentation by common
commensal bacteria (e.g. H. influenza) after consumption of Neu5Gc after birth.”> '*1],
potentially coinciding with the introduction of cow based infant formula and baby food.
Thus, all humans who continue to consume Neu5Gc could experience “Xenosialitis”, the
host response to a foreign but metabolically tolerated antigen (reviewed extensively
elsewhere).”” %% 193291 Briefly, red meat is particularly high in Neu5Gc compared to
poultry and fish, which contain low or undetectable Neu5Gc content (with the exception
of caviar),.[97’ 3% When Neu5Ge-rich food is consumed, it is absorbed and either
eliminated in urine or metabolically incorporated into some tissues.”>**'"! The display of
this foreign antigen induces an immune response via antibody and complement-mediated

xeno-auto-antigen immunity. Chronic inflammation induced in this way was recently

shown to increase the propensity for carcinoma formation in the Cmah” mouse.”” In this
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regard, NeuSGc has been reported for decades as a potential antigen in multiple cancer

[92, 332 89, 92, 333 [334 93, 95, 335]

pathologies including lung."”?, liver. 1 colon. I kidney.”**! breast.! ,

[335-337]

skin. , ovary.[337]

 [338]

, throa cancers and malignant lymphoma.”” Although

nutritional incorporation alone does not lead to anti-Neu5Gc immunization in Cmah™
mice, anti-Neu5Gc immunization is achieved by co-stimulation through injection with
chimpanzee red blood cells (RBCs) or with Neu5Ge-containing tumor cell lines.!'®"!
Cmah”™ mouse anti-Neu5Gce antibody production has become an important model for the

[97, 98, 106, 329

study of Neu5Gc antigenicity in humans.. I Anti-Neu5Ge antibodies have been

directly shown to enhance tumor growth in Cmah™” mice by promoting cancer-associated

[97, 182]

inflammation. and anti-Neu5Gc antibodies have been identified as potential serum

biomarkers for tumors in humans.['*!

The possibility that higher levels of antibodies
might be tumoricidal needs further study, since anti-Neu5Gc passively transferred into
mice bearing a syngeneic MC-38 colon adenocarcinoma display a hormetic relationship
between tumor growth and antibody dose.'™ '™ Potential effects of anti-Neu5Gc
antibodies on the vascular endothelium have been modeled in vitro but have yet to be
described in vivo.!"””™ Neu5Gce aggregates have also been found in dystrophic human and

Cmah null mouse muscle tissue.!'”” but the implications of this have not yet been fully

understood.

9.2 Infectious Disease
Infectious diseases remain a major cause of death, disability, and suffering for

hundreds of millions of people throughout the world.”****) Many pathogens and toxins

341]

bind specific linkages of sialic acids.”**" and some major human-specific pathogens have
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been found to prefer NeuSAc over NeuS5Gce linkages. Multiple infectious disease
pathologies are further complicated by an apparent hyperactive immune system

associated with Neu5Gc loss. Some examples are described below.

9.2.1. Malaria

The most common and most severe form of malaria parasite in humans is
Plasmodium falciparum, and the meorozoite stage contains a 175 kDa erythrocyte-
binding protein (EBA-175) that binds sialic acid residues on glycophorin A during
invasion of the erythrocyte. It was demonstrated that EBA-175 binds human RBCs better
than chimp RBCs and that Neu5Gce feeding could suppress the EBA-175 binding to a

571 T contrast, EBA-175 from the chimpanzee parasite

human erythroleukemia line.
Plasmodium reichenowi strongly prefers Neu5Gc and this difference in binding
preference may account for the difference in species infectivity observed between P.
falciparum and P. reichenowi for humans and chimps. Furthermore, primary RBCs from
new world monkeys, which also lack cell surface Neu5Ge, also showed a similar

157} Taken together, this

susceptibility to EBA-175 binding compared to human RBCs.
data illustrates a human NeuS5Ac binding specificity for Plasmodium falciparum EBA-

175 protein. Whether or not Plasmodium falciparum has binding preferences for WT vs.

Cmah”” mouse RBCs have not been quantified.

9.2.2. Viral Infections

9.2.2.1. Influenza
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Human influenza is a common upper respiratory pathogen still considered one of
the greatest global pandemic threats.**> ***! Historically, the 1918 swine flu pandemic
killed more people than the entire First World War.**! Influenza virus strains are named
after their surface glycoproteins hemagglutinin (H) and neuraminidase (N) (e.g. HIN1),
which bind and cleave sialic acids, respectively. Influenza type A hemagglutinin was the

d [345]

first microbial hemagglutinin ever describe and its host specificity is dependent

(1491 For example, human influenza type A

upon its sialic acid linkage preference.
hemagglutinin preferentially binds a2-6-linked sialic acids (NeuS5Ac), while avian
influenza hemagglutinin preferentially binds a2-3-linked sialic acid.?**>** Alterations in
hemagglutinin binding specificity from a2-3 to 02-6 or from NeuSAc to Neu5Gce can be
achieved through minor amino acid substitutions.”*"***! Influenza Neu5Ac or Neu5Ge
binding preferences are also species dependent. For example, horse trachea expresses
~90% Neu5Gc and some equine influenza types prefer NeuSGce for invasion and
replication.”>") Swine trachea is ~50% Neu5Gc and swine influenza types can vary
between Neu5Ac or Neu5Ge preference.”? Interestingly, some human influenza strains

are still capable of binding Neu5Gc,.**”!

yet NeuSGce feeding has also been found to
suppress human epithelial cell infectivity in influenza type A strains with Neu5Gce
binding capability.’>*! Thus, both sialic acid linkage and sialic acid type affect the
infectivity of influenza viruses in a species-specific manner and animals with similar
airway sialic acid architecture to humans such as ferrets, who also lack a functional

CMAH (see below), are also susceptible to airborne transmission of human influenza.!'*

9.2.2.2. Human immunodeficiency virus.
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Human immunodeficiency virus (HIV) is a retrovirus that continues to infect and
kill millions of people every year, particularly in regions of socio-economic disparity."***
Although chimpanzees suffer from an AIDS-like SIVepz immunopathology.”, HIV
progression to AIDS occurs more frequently and is more severe in humans compared to
chimpanzees.[”® *°%**" The causative mechanisms for this have never been unequivocally
determined. HIV and HIV envelope proteins gp120 and gp41, and HIV gag protein p24

elicit a strong proliferative response in chimpanzee lymphocytes, even after years of HIV

[356]

infection. Conversely, human lymphocyte proliferative responses to HIV are

[358, 359

relatively impaired compared to chimpanzee lymphocytes. ) and this has been

proposed as a mechanism of human AIDS susceptibility.**® Others have proposed that

human AIDS is attributed to a greater susceptibility of lymphocytes to apoptosis.*** ¢!,

potentially through differential expression of Siglecs.**" %1 Although Neu5Gce feeding

alone is capable of altering T-cell proliferation after TCR activation.["™"!

, Whether or not
Neu5Gce feeding can alter susceptibility to apoptosis in these systems is of interest and
has not yet been systematically explored. It is also notable that Siglec-1 (sialoadhesin)
which initiates formation of the virus-containing compartment and enhances

362

macrophage-to-T cell transmission of HIV-1.°°* has a very strong preference for

recognizing Neu5Ac over Neu5Gc, and shows increased positivity and altered

distribution in humans compared with chimpanzees.[*’"!

9.2.3 Susceptibility to Bacterial Infections

9.2.3.1. Streptococcus pneumoniae
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Streptococcus pneumoniae infections cause ~11% of all deaths among children

363]

younger than 5 years old***! and are the major cause of community-acquired pneumonia

in the elderly.?*¥

Like many other sialic acid utilizing pathogens, Streptococcus
pneumoniae expresses a neuraminidase (nanA) and a sialic acid transporter (SatABC)
that are together capable of harvesting and uptaking sialic acids from host mucins and
other glycoconjugates in the nasopharynx. Interestingly, Streptococcus pneumoniae
TIGR4 (serotype 4) has evolved to preferentially respond to NeuSAc over Neu5Gce in
conditions of low glucose (e.g. nasopharynx) with a positive feedback loop, upregulating
both nanA and htrA, which protects from oxidative stress. This phenomenon may
ultimately explain why Cmah” mice experience a faster pneumococcal disease

progression after intranasal but not intravenous challenge.®”

9.2.3.2. Typhoid Fever

Salmonella enterica serovar Typhi (S. Typhi) is the human specific pathogen that
continues to infect tens of millions and kill hundreds of thousands every year, particularly
children who live in regions of poor sanitation and lack access to clean food or water.**"!
Although S. Typhi is not capable of infecting mice, a mouse model was developed by

1367) Thus, typhoid toxin

injection with typhoid toxin, which preferentially binds Neu5SAc.
is capable of producing typhoid fever symptoms in WT mice, but not in transgenic mice
that overexpress Cmah (~98% Neu5Ge on all tissues).!'>* Although this does not explain
why humans and chimpanzees develop Typhoid infection after consumption of S. Typhi,
it may help explain why humans experience a more severe form of Typhoid fever

compared to Chimpanzees.*> *°!
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9.2.3.3. SubAB Toxins

Shiga toxigenic Escherichia coli (STEC) are a common foodborne pathogen.®

that can cause serious disease, including bloody diarrhea, and sometimes haemolytic-
uremic syndrome (HUS). STEC secretes a SubAB toxin that was found to preferentially
bind Neu5Gc in vitro and ex vivo. Although metabolic introduction of Neu5Gc into
human cell lines increased susceptibility to SubAB toxicity, infection of Cmah™ mice
resulted in a faster disease progression than in WT controls. This was found to be due in

[166

part by a lack of competitive inhibition of serum proteins in Cmah™ mice.!'%"! Regardless,

due to its Neu5Gc binding preference, humans who consume red meats rich in Neu5Gce

may incorporate it into their gut epithelium and this can allow for toxicity of a subsequent

SubAB positive infection.**”!

9.3. Muscular Dystrophy

In humans, Duchenne Muscular Dystrophy (DMD) is the most common and most

370, 371

severe muscular dystrophy affecting children.! I Concerted efforts towards the

development of new practical therapeutics (gene and cell-based therapies) have resulted

. .. . .. J . 1.372
in many new promising paradigms, some on the forefront of clinical utilization.*’" 37!

But until recently, a critical barrier to the progress in the field has been the stark
difference in muscular dystrophy severity observed between mice and humans.?”>~7%],
with mice showing minimal phenotypes. In this regard, Cmah” mice experience a
profound increase in DMD and Limb Girdle Muscular Dystrophy 2D (LGMD2D)

9597 Cimah™/mdx mice experience

severity, most notably in DMD life expectancy.!
greater muscle weakness, greater skeletal muscle fibrosis, greater immune cell

recruitment to both cardiac and skeletal muscle tissue, more inflammatory cytokine
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production in skeletal muscle, and decreased survival compared to WT/mdx controls.!'*>

Y7 Further work is needed to determine whether this difference is attributed to an
intrinsic difference in muscle physiology, the adaptive immune system, and/or the innate
immune system. This is testable by HSA-Cre (muscle), CD4-Cre (T-cells of adaptive
immune system), or CD14-Cre (innate immune system) expression of Cmah in Cmah™
/mdx mice, but these experiments have yet to be reported. Besides an apparent increase of

Neu5Ge vs. NeuSAc affinity for o-laminin in vitro.!'™

, the underlying mechanisms
responsible for this phenomenon are completely unknown and it is possible that
“xenosialitis” could be an aggravating factor."”” Understanding these mechanisms could
reveal new therapeutic targets, possibly beneficial to the human lineage. They could also
help us to understand what has set human muscle apart from mouse and chimpanzee

muscle tissues, which are both relatively high in Neu5Ge.["*”!

10. Evolutionary Implications of Human CMAH loss

Although sexual and microbial selection may have led to the fixation of CMAHP,
subsequent changes in systemic inflammation and metabolism could have benefited
ancient hominins transitioning towards an exposure to novel pathogen regimes during the
transition from forests to open savannahs, an increased consumption of other animals,

[114-116. 142, 377. 378) This activity likely

and the earliest developments of stone tool use.
resulted in many superficial injuries, potentially leading to a greater prevalence of
infection. Under these conditions, the ability to kill and clear sublethal doses of bacteria

at a greater capacity would be beneficial. However, CMAH loss may be a double-edged

sword, since experimental evidence in mice suggests that Cmah loss could be a
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deleterious contributor in conditions of endotoxic shock.!"!! A definite evolutionary cost
of CMAH loss is at least two fold: first, the inability to modulate the ratio of Neu5Gce and
Neu5SAc in the the glycocalyx of various tissues and their secretions, and second, the

inability to use the presence of abundant Neu5Gc as an honest and costly signal of

self,F7

11. Other Medical Implications of CMAH Loss in Humans
11.1. Xenotransplantation

In addition to anti-Neu5Gc antibodies, humans, apes, and old world monkeys also
lack a terminal a-galactose (a-gal) residue, which is a major antigen (along with Neu5Gc)

causing hyper acute rejection after xenotransplantation to humans or decreased half-life

[ 382

of animal-based transplantations.”*” **! To address this, pigs lacking a-gal.**” or both a-

gal and Neu5Ge.P¥ ¥4 were created to decrease the immunogenicity of pig xenografts

[385-388

with some success. I Indeed, this work confirmed that in their bound form (e.g. in

tissue), both a-gal and Neu5Gc are major foreign antigens that trigger inflammation and

389-391

contribute to tissue rejection.! I Ongoing studies are seeking to systematically

. . . . )
improve potential sources for tissue xenotransplantation.**!

11.2. Stem Cells and Recombinant Proteins

Nutritionally, there is a major difference in immunogenicity between Neu5SGc and
a-gal that occurs during catabolism, where a-gal becomes free galactose (and further
utilized normally), but free Neu5Gec is incorporated and presented on host cell surfaces as

[106, 393, 394

the same bound foreign antigen. I Therefore, all glycosylated human cells and
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recombinant proteins grown in the presence of serum from other animals or on mouse
feeder cells are potentially contaminated with the cell surface antigen Neu5Gec,

[186]

potentially causing rapid clearance from circulation. and/or triggering an antibody-

mediated inflammatory response.”* '8¢ 3953%I

12. Independent CMAH Loss in other Taxa

Since the original discovery of human-specific Old World primate CMAH loss,
Monotremes (platypus), Sauropsids (birds and reptiles), Pinnipeds and Mustelids
(walruses, sea lions and seals, ferrets), and platyrrhines (new world monkeys) have all
been shown to have independently lost or inactivated CMAH and endogenous production
of Neu5Ge.[""* 3 Similarly to humans.®*”), ferrets also express high levels of 02-6
linked Sias in their airway epithelium, which along with Neu5Gc loss now explains their
success as a model for human influenza infections.!"”* Interestingly, new world monkeys
are the only other primates known to lack Neu5Gc and are the standard model for P.

[157, 402, 403

falciparum infection in vivo. ] Further field studies are necessary to determine if

new world monkeys are potentially a reservoir for human Plasmodium falciparum

infection in the wild.[**¥!

13. Summary and OQutlook

Due to the high prevalence of sialic acids on all cell surfaces, the loss of CMAH in
the hominin lineage likely had complex physiological ramifications, as evident in the
multiple organ and cell types affected in Cmah mice. Many of these phenotypic

differences observed between WT and Cmah” mice are possibly analogous to differences
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between humans and chimpanzees, but much more work is needed to understand the
many mechanisms likely at play. Importantly, these mechanisms may have implications
for the treatment of diseases specifically affecting humans that are difficult to model in
rodents, such as the case with muscular dystrophy. Exogenously, many deadly human
pathogens have a NeuSAc preference and possibly a linkage specific preference
contributing to its species-specific infectivity, such as the case with influenza.
Furthermore, many pathogens, commensal bacteria and/or symbiotic bacteria may have
an optimal metabolic preference for NeuSAc vs. Neu5Gc, such as the case with
S. pneumoniae. Many of these and other open questions of human sialic acid biology
remain unexplored or unreported. The hope is that these studies will highlight the
significant importance of sialic acids and spur further investigations towards the

development of therapeutic possibilities.
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Figure 1-1: The two most common sialic acids in mammals, NeuSAc and Neu5Gec,
which differ by a single hydroxyl group, shown in alpha configuration. CMP-Neu5Ac is
converted to CMP-Neu5Gc by the enzyme CMAH, which is pseudogenized in humans.
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Figure 1-2: Proposed pathway for the metabolic turnover of excess NeuS5Ge
(including blue moiety) or NeuSAc (excluding blue moiety) in mammalian
cells. Neu5Gc and Neu5Ac are substrates for the pyruvate lyase, which results in the
formation of ManNAc or ManNGc (a). GlcNAc-2-epimerase potentially modifies
ManNAc or ManNGc into GIcNAc or GlcNGe, which could then potentially be
phosphorylated at the 6 position by action of the GIcNAc kinase (c). Thereafter, the N-
acetyl or N-glycolyl group might be irreversibly removed from GIcNGce-6-P by the
GlcNAc-6-P deacetylase (d), which would result in GIcNH2-6-P and either acetate or
glycolate, which may have different metabolic fates. Modified from.*"’!



36

Table 1-1. Known host organs and cell types affected by Neu5Gc loss*

Organ
Skin

Inner Ear

Blood/Multiple

Liver/Multiple

Muscle

Pancreatic islets

Uterus

Blood vessels

Multiple

*See Text for discussion and literature citations

Cell Type
Multiple
Multiple

B-cell

T-cell

Monocyte/Macrophage

N/A (plasma)

Tumor

Multiple

a-cells, B-cells

Multiple

Endothelial

Multiple

Phenotype
Delayed Wound Healing

Degeneration, Hearing
Loss

Anti-Neu5Gc Antibody
Production

BCR Hyperreactivity

Hyperproliferation

Hyperreactivity

Increased 9-O-
Acetylation

Increased Tumor
Prevelance after
Neu5Gce Immunization
and Feeding

Increased Sensitivity to
Dystrophin-Associated
Muscular Dystrophies

Reduced pancreatic islet
size, Insulin resistance

Cryptic female sexual
selection

Xeno-antibody response
after Neu5Gc
incorporation

Altered Interactions with
Pathogens

Proposed Mechanism
Unknown

Oxidative damage?
Nutritional incorporation of
commensal bacteria
Unknown (human)

Reduced CD22/Siglec G
ligand? (mouse)

Unknown

Altered C/EBP expression?

Unknown

Xenosialitis

Altered Scaffold Adhesion?
Xenosialitis?
Hyperinflammation
Altered redox metabolism?
Anti-Neu5Gce antibody
mediated sperm killing
Anti-Neu5Gce antibody

mediated inflammation

Various
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Table 1-2. General mechanisms by which loss of Neu5Gc can alter host biology

Mechanism
Loss of millions of cell
surface hydroxyl groups

Loss of CMAH
oxidoreductase activity

Increase in host
neuraminidase activity

Greater prevalence of
acetate vs. glycolate
metabolites

Changes in siglec binding

Production of anti-Neu5Gc
antibodies

Changes in microbial sialic
acid binding at the cell
surface

Changes in microbial
neuraminidase activity for
host sialic acids

Ramifications
Increased membrane hydrophobicity?

Altered cell recognition and receptor clustering?

Altered redox metabolism?

Altered cell signaling, endocytosis, adhesion?

Altered cell metabolism?

Altered bacterial flora homeostasis, particularly in conditions of low
glucose (airway epithelium)?

Altered cell reactivity, particularly in immune cells
Xenosialitis (chronic inflammation after Neu5Gc consumption), cryptic
female sexual selection against Neu5Gc containing sperm, rapid clearance

of Neu5Gc containing biologics, transplantation rejection

Altered susceptibility to many human Neu5Ac binding pathogens

Increased susceptibility to many sialic acid scavenging bacteria,
particularly in conditions of low glucose (airway epithelium)
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The text of Chapter 1 chapter is, in full, a reprint of material originally published
ChemBiochem by authors Okerblom J and Varki A, 2017. The dissertation author was

the primary author of this review article.
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Abstract (250 words)

Humans and chimpanzees are more sensitive to endotoxin than mice or monkeys,
but any underlying differences in inflammatory physiology have not been fully described
or understood. We studied innate immune responses in Cmah” mice, emulating human
loss of the gene encoding production of Neu5Gc, a major cell surface sialic acid. CMAH
loss occurred ~2-3 million years ago, after the common ancestor of humans and
chimpanzees, perhaps contributing to speciation of the genus Homo. Cmah™ mice
manifested a decreased survival in endotoxemia following bacterial lipopolysaccharide
(LPS) injection. Macrophages from Cmah™ mice secreted more inflammatory cytokines
with LPS-stimulation and showed more phagocytic activity. Macrophages and whole
blood from Cmah” mice also killed bacteria more effectively. Metabolic re-introduction
of Neu5Gce into Cmah”™ macrophages suppressed these differences. Cmah™ mice also
showed enhanced bacterial clearance during sub-lethal lung infection. Although
monocytes and monocyte-derived macrophages from humans and chimpanzees exhibited
marginal differences in LPS responses, human monocyte-derived macrophages killed E.
coli and ingested E. coli bioparticles better. Metabolic re-introduction of Neu5Gce into
human macrophages suppressed these differences. While multiple mechanisms are likely
involved, one cause is altered expression of C/EBPp, a transcription factor affecting
macrophage function. Loss of Neu5Gc in Homo likely had complex effects on immunity,
providing greater capabilities to clear sub-lethal bacterial challenges, possibly at the cost
of endotoxic shock risk. This trade-off may have provided a selective advantage when
Homo transitioned to butchery using stone tools. The findings may also explain why the

Cmah™" state alters severity in mouse models of human disease.
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Introduction
Approximately two to three million years ago (mya), our ancestors inactivated the
gene encoding CMP-NeuSAc hydroxylase (CMAH), an enzyme that adds a single
oxygen atom to the N-acetyl group of the sialic acid N-acetylneuraminic acid (Neu5SAc),
converting it to the hydroxylated form, N-glycolylneuraminic acid (Neu5Gce) ", Since
CMAH is homozygously pseudogenized in all humans, this mutation resulted in the loss

of tens of millions of hydroxyl groups from the plasma membrane surface of most cell

226]

types | The overall consequences of human CMAH loss are being investigated by

multiple approaches, including studies of mice harboring a human-like mutation in Cmah

(1871 Studies in such mice indicate that partial reproductive incompatibility due to

Neu5Ge loss ~2-3 mya likely contributed to speciation of the genus Homo !'"®), which
also happens to be a time when the risk of injury and novel infections may have also

increased due to scavenging and hunting, involving butchery of animal carcasses with

[114-116, 142, 377, 378

stone tools 1. We also reported a difference in human and chimpanzee

[296, 361

lymphocyte activation ] and showed that feeding Neu5Gc (which is metabolically

incorporated and displayed) to activated human lymphocytes suppresses their

[190

proliferative response !'°°.. In addition loss of Cmah function accelerates the pathological

progression of the mdx and LGMD2D mouse models of human muscular dystrophy ['*>

1 . . . + . . .
96], concomitant with increased CD68" innate immune cell recruitment to muscles and

increased muscle production of inflammatory cytokines, including IL1p and MCP-1.
Tissue injury invokes a complex repair and regenerative response, which is
substantially facilitated and potentiated by the resident and recruited host innate immune

[405-411]

system . Classically, the first responders to tissue injury are the resident



42

macrophage population, followed by neutrophils, which are rapidly recruited from

412, 413

circulating blood to the site of injury ! ], Blood monocytes are also recruited and

. 41441 . .
produce many inflammatory components | 61 The next wave of innate immune cell

417-419]

5

recruitment involves a more complex anti-inflammatory macrophage population
which facilitates wound healing [*****?!. Dysregulation of these inflammatory and anti-
inflammatory pathways during chronic disorders can lead to unrestrained inflammation,
ultimately leading to an increase in tissue fibrosis and in some cases, tissue loss ***~*2.

Toll-like receptors (TLRs), which are innate pattern recognition receptors, are

427.428] 'TLRs also recognize

master regulators of the innate inflammatory status of cells '
and potentiate the first line of host defense against pathogens. Recently, Toll-like receptor
4 (TLR4) has been implicated in the pathology of muscular dystrophy, wherein muscles

47 Classically, lipopolysaccharide (LPS), which can

are in a chronically inflamed state '
be released from the outer membrane of gram-negative bacteria, stimulates the
production and secretion of pro-inflammatory cytokines such as TNFa, IL-6, and IL-1
[309. 4297432 " 1 PS is recognized by TLR4, which is part of the LPS receptor complex,
along with CD14 and MD-2. TLR4 contains 9 N-linked glycans in its ectodomain, two of
which are required for its membrane localization and others that are important for proper
LPS binding **).

Sialic acids such as NeuSAc and Neu5Gc commonly terminate these N-linked
glycan chains and their density and signaling influence can be affected by the action of

.. .. 276-2 2
endogenous neuraminidase 1 (a sialidase) (70278 28

Sialic  acid-bearing
glycosphingolipids (gangliosides) that densely populate lipid rafts on cell membranes

have also been shown to directly influence the translocation of TLR4 into lipid rafts after
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LPS stimulation ***!. The specific impact of human CMAH/Neu5Gc loss has not been
explored in these systems. Therefore, we focused our investigation on the impact of
Cmah loss on innate immune responses, as a model for how Neu5Gc loss could have

altered inflammatory physiology during the evolution of genus Homo.

Materials and Methods

Isolation of monocytes. Chimpanzee blood samples were collected into EDTA-
containing tubes during routine non-invasive health screens of chimpanzee subjects at the
Yerkes National Primate Center, Emory University, Atlanta, GA under local IRB
approval by Emory University). All collections were made under the rules prevailing
prior to the Sept 15, 2015 designation of captive chimpanzees as endangered species
[180] " Chimpanzee blood samples were shipped overnight on ice to the University of
California, San Diego. Human blood was collected at about the same time into identical
tubes from healthy volunteer donors (following informed consent, under the approval
from the University of California, San Diego Human Subjects IRB), and stored overnight
on ice, to ensure similar treatment conditions prior to analysis. All health and safety
issues related to handling of human and non-human primate samples are covered by an
Institutional biosafety approval from the University of California San Diego
Environmental Health and Safety Committee. All individuals who handle the samples
received the required training regarding precautions for blood-borne pathogens. PBMCs
were separated over Ficoll-Paque PLUS (GE Healthcare, Uppsala, Sweden), followed by

positive selection for monocytes using a CDI14 MACS system (Miltenyi Biotech,

Bergisch Gladbach, Germany), according to the manufacturer's protocol.
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Intracellular TNF labeling & cytokine release detection. One million
monocytes were seeded per well of a 48-well plate or 100,000 macrophages per well in a
24 well plate were stimulated with varying doses of LPS, while unstimulated cells served
as negative controls. Stimulation for all assays was conducted at 37°C and 5% CO?2, in
the presence of 0.5 mg/ml brefeldin A (Sigma-Aldrich, St. Louis, MO) to inhibit cellular
cytokine release. The intracellular cytokine content was determined after 4 hours of
stimulation. Briefly, cells were fixed and permeabilized using Fix Buffer 1 and
Perm/Wash Buffer I (BD Biosciences, San Jose, CA) and stained for intracellular TNFa.
Samples were analyzed with a FACSCalibur (BD Biosciences). The frequencies of
cytokine-positive cells were determined by subsequent analysis using FlowJo software
(TreeStar).

Animals. All animal experiments were conducted under approved protocols and
according to the regulations and guidelines of the Institutional Animal Care and Use
Committee at the University of California, San Diego. Male and Female Cmah” C57/B6
(Harlan) mice 8-10 weeks were injected with 30 mg/kg LPS (Sigma, L2880, Lot#
044M4004V) and monitored over the period of 72 hours for mortality.

Lung Infection Model. The murine sub-lethal lung infection model was
performed with slight modifications, as previously described **. E. coli cultures were
grown overnight in LB at 37 °C with shaking and then re-grown in the morning in fresh
LB to a concentration of OD600 = 0.4. Bacteria were washed twice with PBS via
centrifugation at 3220 xg at room temperature and concentrated in PBS to yield 5 x 10°
CFU in the 40 pL, the inoculation volume. Mice were anesthetized with 100 mg/kg

ketamine and 10 mg/kg xylazine. Once sedated, the vocal chords were visualized using
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an operating otoscope (Welch Allyn) and 40 puL of bacteria was instilled into the trachea
during inspiration using a plastic gel loading pipette tip. Mice were placed on a warmed
pad for recovery. Mice were sacrificed with CO; for bacterial counts 24 h after infection.
To enumerate total surviving bacteria in the lungs, both lung lobes were removed and
placed in a 2 ml sterile micro tube (Sarstedt) containing 1 ml of PBS and 1 mm silica
beads (Biospec). Lungs were homogenized by shaking twice at 6000 rpm for 1 min using
a MagNA Lyser (Roche), with the specimens placed on ice as soon as they were
harvested. Aliquots from each tube were serially diluted for CFU enumeration on LB
plates.

Mouse bone marrow derived macrophages. BMDMs were isolated from the
femurs and tibia of 8-to-12-week-old WT and Cmah” C57BL/6 mice. Femurs and tibias
were flushed with room-temperature Dulbecco’s modified Eagle’s medium (DMEM),
and precursor cells were cultured in RPMI-20% fetal bovine serum (FBS), 1% penicillin-
streptomycin, and 50 ng/ml M-CSF at 37°C in 5% CO; for 7 days, with changes of media
on day 4. One day prior to LPS stimulation, cells were lifted with 5 mM EDTA and
300,000 cells/well were seeded in a 24-well plate in RPMI-10% FBS.

Mouse peritoneal macrophages. Peritoneal macrophages from 8-to-12-week-old
WT and Cmah” C57BL/6 mice were harvested 4 days after 2.5 ml of 3% thioglycolate
intraperitoneal injection. A total volume of 10 ml ice cold PBS was used to extract 7-8 ml
of peritoneal lavage. Cells were separated by adherence overnight, washed with PBS,
lifted with 5 mM EDTA, then 300,000 cells/well in a 24-well plate or 100,000 cells/well

in a 96-well plate were seeded in RPMI-10% FBS.
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Human and Chimpanzee monocyte-derived macrophages. Human or
chimpanzee PBMC:s isolated from 20 ml of blood were plated at one 24 well. Monocytes
were separated by overnight adhesion in RPMI containing 10% FBS and 1% Pen/Strep
and cell culture media was carefully replaced with RPMI containing 10%FBS and 100
ng/ml Human M-CSF without washing. Cells were allowed to differentiate in the
presence of M-CSF for 5 days. Additional RPMI + 10%FBS + 100 ng/ml Human M-CSF
was added when needed in order to maintain normal pH. After 5 days, adherent cells
were washed twice with PBS and resuspended in the appropriate experimental conditions.

Quantification of Sialic Acid Content by DMB-HPLC. Quantification of Sia
content and type on acid-hydrolyzed samples of vertebrate tissues, polymers, and
disaccharides was done using previously described methods of DMB derivatization at 50
°C for 2.5 h ***!, followed by HPLC-fluorometry on a Phenomenex C18 column using an
isocratic elution in 85% water, 7% methanol, and 8% acetonitrile.

Macrophage Phagocytosis Assay. pHrodo Red E. coli (ThermoFisher, P35361)
and S. aureus (ThermoFisher, A10010) Bioparticles Conjugates for Phagocytosis were
used exactly as indicated by manufacturer’s protocol. 100,000 peritoneal
macrophages/well were incubated with 100 uL pHrodo Bioparticle suspension for 1 or 2
hours. For confocal microscopy, cells were fixed in 2% PFA/PBS at 4°C, then imaged by
fluorescent microscopy at the exact same exposure.

Macrophage Bacterial Killing Assay. A single E. coli K12 colony was
inoculated in LB and incubated overnight on a shaker at 37 “C. The next day, inoculum
was diluted 1:100 and optical density (OD) was monitored up to 0.4 (corresponding to

~2x10* CFU/ml). Bacteria was washed once with PBS and resuspended in appropriate
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cell culture media. Bacteria was then added to plates, centrifuged at 500g for 10 min, and
then incubated with cells at 37°C. Macrophages were then lysed with 0.05% TX-100,
scraped with a rubber stopper, and plated. Neutrophils and whole blood were diluted in
the same lysis buffer before plating. Inoculum and all other samples were plated at four
different dilutions (10" — 10™) in triplicates. Percent survival was calculated as the
experimental sample CFU divided by the initial inoculum CFU.

LPS Binding Assay. Peritoneal lavage from WT and Cmah” mice was
resuspended at 2 million cells/ml in cold PBS and handled on ice. Cell fluorescence was
collected in real time by flow cytometry at a rate of approximately 1,000/second for 10
seconds. Tube was then removed, 10 ug fluorescent LPS (Sigma, F8666) was added
followed by a quick vortex. Tube was then immediately returned to the flow cytometer
and measured in real time for an additional 2 minutes.

RNA-Seq
Total RNA was assessed for quality using an Agilent Tapestation, with RNA Integrity
Numbers (RIN) ranging from 8.8 to 10.0. RNA libraries were generated using Illumina’s
TruSeq Stranded mRNA Sample Prep Kit using 100 ng of RNA following
manufacturer’s instructions, modifying the shear time to 5 minutes. RNA libraries were
multiplexed and sequenced with 50 basepair (bp) single end reads (SR50) to a depth of
approximately 20 million reads per sample on an Illumina HiSeq4000.

Statistical Analysis.

Error data represents standard errors of the means (SEM) of the results. When comparing
WT vs. Cmah” or human vs. chimpanzee macrophages, statistical analysis was

performed using two-way analysis of variance (ANOVA) followed by the Tukey’s
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multiple comparisons test. For Neu5Ac and Neu5Gc feeding experiments on the same
cells, Student’s paired two-tailed ¢ test was performed. For the survival assay, statistical
significance was evaluated using the Logrank (Mantel-Cox) test with a 95% confidence
interval. (Graph Pad Prism, version 7.0a). * (P < 0.05), ** (P < 0.01), and *** (P <
0.001) represent statistical significance. For RNA-seq, q values were determined using

DESeq?2 differential expression analysis.

Results

Mice and Macrophages with a Human-like loss of NeuSGc Show Enhanced
Sensitivity to LPS Activation. To simulate the immediate effects CMAH loss in the
human lineage ~2-3 mya, we compared WT and congenic Cmah™ mice (Figure 2-1 A).
First, we determined the impact of Neu5SGc on the LPS response in vivo by injecting WT
and Cmah”™ mice with potentially lethal doses of LPS and monitoring survival. At
multiple doses, Cmah” mice exhibited a significant reduction in survival rate compared
to WT controls (Figure 2-1 B-D). Next we assessed the specific role of Neu5Gc in the
macrophage inflammatory response by comparing LPS responses of macrophages
derived from bone marrow or the peritoneal cavity. After 24 hours of stimulation, bone
marrow-derived macrophages from Cmah” mice produced more inflammatory IL-6
(Figure 2-1 E) and peritoneal macrophages secreted higher levels of MCP-1 (Figure 2-1
F). Notably, these phenotypes were not due to differential expression of the LPS receptor
TLR4 (Figure 2-S1 A) or changes in LPS binding (Fig 2-S1 B). We concluded that
macrophages from Cmah™ Mice exhibit higher sensitivity to LPS, possibly due to

differences in signaling.
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Macrophages from Mice with a Human-like loss of Neu5Gc Show Increased
Phagocytosis and Killing of Bacteria. We next explored a more functionally relevant
benefit of a stronger innate inflammatory response: the ability to clear and kill bacteria.
We checked the capability of mouse peritoneal macrophages to kill E. coli and observed
a ~50% reduction in recovery of bacteria incubated with Cmah” macrophages (Figure 2-
2 A). A similar increase in bacterial killing was observed in heparinized whole blood
from Cmah™ mice compared to WT controls. (Figure 2-2 B). To prove that the observed
differences were related to the absence of Neu5Gce, we studied peritoneal macrophages
isolated from Cmah™ mice that had been fed equal concentrations of either Neu5Ac or
Neu5Gce. This approach allows experimental manipulation of cells from the same
individual to generate expression of either cell surface Neu5SAc or Neu5Gc, for direct
comparison to each other. Free sialic acids in the media can only be taken up through
macropinocytosis and utilized by the cell if they are transported into the cytosol by the

2901 Once there, free NeuSAc or Neu5Gc must be

endolysosomal transporter sialin
transported to the nucleus to be CMP-activated ™ and then to the Golgi lumen to be
conjugated onto glycoproteins or glycolipids. The half-life of free sialic acids fed to cells

is ~4 days 12"

, so most of it should be utilized in this way after feeding. However, sialic
acid degradation to their acetate (from Neu5Ac) and glycolate (from Neu5Gc)
metabolites does occur during the constant recycling of endogenous Neu5SAc or Neu5Gc

209, 2112131 “gimilar to results observed

sialic acids during maintenance of steady state
between WT and Cmah” mice, the feeding of Neu5Gc to peritoneal macrophages

isolated from Cmah”™ mice indeed increased their Neu5Gc content (Figure 2-S3 A) and

suppressed their capability to kill bacteria (Figure 2-2 C).
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To determine the effect of Cmah loss on bacterial killing in vivo, we infected the
lungs of WT and Cmah™ mice with E. coli K12 bacteria via intranasal inoculation. At
24h, Cmah™ mice exhibited a greater capability to clear E. coli K12 from the lungs in
vivo compared to WT controls (Figure 2-2 D). WT and Cmah™ peritoneal macrophages
were also incubated with S. aureus bioparticles that fluoresce when internalized into
phagosomes and we observed a ten-fold increase in macrophage phagocytosis of the
fluorescent bacterial particles in Cmah”™ macrophages (Figure 2-2 E-F). Taken together,
this data suggests that loss of Neu5Gc leads to increased phagocytic activity and bacterial
clearance during infection.

Human Innate Immune Cells Show increased Phagocytosis and Killing of
Bacteria Relative to Chimpanzees, which is Suppressed by Neu5Gc feeding.
Chimpanzees have intact CMAH function and express high levels of NeuSGc on their

cell surfaces 71,

However, they have diverged independently for ~6-7 mya since the
common ancestor with humans, and also have a significantly higher genetic diversity.
The availability of samples was limited to chimpanzees in captivity undergoing routine
blood testing during annual health checks (prior to the Sept 15, 2015 restriction on such

'80] We noted an unexplained technical pitfall associated

ethically reasonable studies) !
with positively enriching for chimpanzee CD14" PBMCs, since (unlike human samples)
they are commonly contaminated with ~70% neutrophils. Therefore, we compared
innate inflammatory response of limited samples of chimpanzee monocytes to those of
humans and conducted the rest of our limited comparisons with monocyte-derived

macrophages. Monocyte-derived macrophages from humans incubated with E. coli

exhibited a greater killing capacity compared to chimpanzee controls (Figure 2-3 A). A
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similar difference in bacterial killing was observed in whole blood from chimpanzees and
humans inoculated with E. coli (K12) bacteria (Figure 2-3 B). Similar to Cmah” mouse
macrophages, feeding human monocytes with Neu5Gc substantially reduced their
capacity of killing bacteria (Figure 2-3 C). We tested the same human and chimpanzee
monocyte-derived macrophages for both the intracellular TNFa expression after LPS
stimulation and the phagocytosis of E. coli or S. aureus bioparticles. Macrophages were
incubated with LPS in the presence of brefeldin A for 4h or with the bioparticles for 1h in
the presence of autologous heat denatured serum. Although we did not observe a
statistically significant difference in intracellular TNFa (Figure 2-3 D), the same human
cells exhibited substantially greater phagocytosis of both E. coli and S. aureus
bioparticles compared to chimpanzee cells (Figure 2-3 E-F).

Peripheral blood monocytes were stimulated with LPS for 4h and intracellular
TNFa production was measured by flow cytometry. The percentage of TNFa positive
cells were also measured by quantifying intracellular TNFa levels above baseline levels.
Human CD14" monocytes showed a marginal increase in TNFo production compared to
chimpanzees ex vivo, but this difference was not statistically significant (Figure 2-S2 A-
B). Considerable variation was also seen, as expected for the individuals from outbred
species with varying genetic backgrounds, and environmental conditions.

We next differentiated human monocytes into macrophages while feeding the
same cells either Neu5Ac or Neu5Gce for 4 days. We observed a significant effect on
intracellular TNFa expression (Figure 2-4 A-B) and E. coli bioparticle phagocytosis

(Figure 2-4 C-D) in Neu5Gc fed macrophages compared to NeuSAc fed macrophages.
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NeuSGce Containing Mouse Macrophages Show Differential Expression of
C/EBPB. To determine if NeuSAc or Neu5Gc feeding differentially altered gene
expression, we performed RNAseq on macrophages from Cmah” mice that had been fed
either Neu5SAc or Neu5Gce for 3 days (Figure 2-5 A). Although several of the 36 genes
that showed significant differential expression(Table 2-S1) could be affecting
macrophage function, C/EBPP (Figure 2-5 B) was of major interest because of its role in

#3697 Therefore, we examined the

macrophage development and bacterial killing |
protein expression of LAP (a 34 kDa C/EBPf isoform that is transcriptionally active in

macrophages) and found that LAP expression is elevated in Cmah” peritoneal

macrophages compared to WT controls (Figure 2-5 C-D).

Discussion

We have suggested that initial hominin loss of CMAH may have been selected by
an infectious agent, such as the malarial sporozoite recognition of erythrocyte sialic acids
11571 and was then fixed relatively rapidly in a new population by virtue of cryptic female
choice, mediated by intrauterine anti-NeuSGc antibodies, selecting against ancestral

Neu5Ge-positive sperm and/or embryos ['7*)

. Here we present data suggesting that
fixation of the CMAH-null state may have then been beneficial for the transition of these
hominins towards increased tool usage, butchery of carcasses, and exposure to novel
pathogens. Approximately 2-3 mya, when CMAH loss is likely to have been fixed in our

lineage "%, the fossils of late Australopithecus and early Homo are found surrounded by

Oldowan stone tools, presumably used to break bones and eat nutrient rich bone marrow
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[114. 142, 378. 9381 ‘This activity likely resulted in superficial injuries, combined with exposure

to new bacterial pathogens, potentially leading to a greater prevalence of infection.

Under these novel circumstances, the ability to kill and clear sublethal doses of
bacteria at a greater capacity could have been beneficial for the utilization of stone tools
and the consumption of other animals. On the other hand, just as other ancestral
mutations have become deleterious for specific modern pathologies *****”, CMAH loss
may be a deleterious contributor to endotoxemia in humans today who experience
overwhelming infections and sepsis **!/.

Understanding the immediate effect of CMAH loss on ancient hominin
physiology is impossible. Our best efforts are to compare humans vs. chimpanzees ex
vivo and Cmah” vs. WT mice ex vivo and in vivo. When comparing humans and
chimpanzee macrophages ex vivo we see a non-significant difference in inflammatory
responses in the same conditions where we see significant differences in bacterial killing
and phagocytosis. When studying the immediate effects of Cmah loss in mice, we see
similar results: profound effects on bacterial killing, yet a relatively mild inflammatory
phenotype ex vivo. Importantly, our experimental evidence also illustrates an increased
sensitivity of Cmah™ mice to endotoxic shock in vivo, which could be due to multiple
mechanisms and other cell types. More work is needed to determine if an altered innate

Immune response in Cmah” mice contributes to other observed phenotypes, such as

delayed wound healing !"*") greater inflammation and fibrosis in the mdx model of

195] 182]

muscular dystrophy "°*), and increased growth of transplanted human tumor cells !'*%.
We speculate that these and other human chronic inflammatory states could be modeled

in Cmah” mice..
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Fully explaining all mechanisms underlying these phenotypic differences is
complex and difficult. Given the global impact of eliminating tens of millions of N-
glycolyl groups from cells via CMAH loss, there are multiple possible (and mutually
non-exclusive) mechanisms contributing to our findings. For example, cytosolic
degradation of excess Neu5Gc can result in generation of glycolate (instead of acetate

generated from Neu5Ac breakdown) ']

, with the possibility of a systematic alteration in
cell metabolism. Previously published microarray data in WT and Cmah” mouse muscle
implicated CREB1, C/EBPa, and C/EBPf as candidate transcription factors affected by
Cmah loss ["*). Alterations in these transcription factors have been shown to affect both

. . : : 4 442-444
macrophage activation and systemic metabolism ]

and appear to be
differentially expressed and regulated in different tissue types of WT vs. Cmah”" mice.
C/EBPp expression is also suppressed in macrophages fed Neu5Gc and C/EBPf (NF-
IL6) knockout mice are known to experience a drastic reduction in the capability of their
monocytes to kill bacteria (#7444 441,

It 1s also possible that Neu5Gc loss altered cell surface neuraminidase activity.
Multiple reports have implicated neuraminidase 1 (Neul) as an important regulator of the

%1 and we previously reported that neuraminidase 1 (Neul) prefers

TLR4 response [
Neu5Ac to Neu5Ge in the 02-8 linkages common in polysialic acids ' The
endogenous neuraminidase preference for 02-3 or a2-6 linked Neu5Ac and Neu5Ge,
which are common on the surface of innate immune cells, needs further study. A further
non-mutually exclusive possibility is that the loss of millions of hydrophilic cell surface

hydroxyl groups on Neu5Gc (replaced by hydrophobic acetyl groups on Neu5Ac) led to

global changes in cell surface biophysics, which could have global ramifications on cell
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surface receptor localization, clustering, and signaling. It is reasonable to hypothesize that
the cell membranes of humans and Cmah” mice are overall more hydrophobic than
chimpanzee or WT counterparts.. Further investigations are needed to determine if global
changes in cell surface biophysics occur after Cmabh loss.

Due to a limitation in the amount of samples combined with a high genetic
variation, it is also difficult to study the differences in inflammatory physiology between
humans and chimpanzees. Our results are consistent with previous studies that have
established that humans and chimpanzees respond at the same order of magnitude to
endotoxin P! However, direct comparisons of humans and chimpanzees with the
same batch of LPS at multiple doses in vivo is no longer possible, nor is it possible to
compare survival after endotoxic shock between humans and chimpanzees with the same
batch and dose of endotoxin. Limited evidence using different batches of E. Coli
endotoxin could suggest a difference between humans and chimpanzees, but are not
directly comparable. For example, peak serum TNFa (68 to 1,374 pg/ml) and IL-6 (72 to
2,820 pg/ml) secretion of humans in response to 2ng/kg E. coli endotoxin bolus injection
305) is more sensitive than the serum TNFo (188 + 54 pg/ml) and IL-6 (138 + 37 pg/ml)
concentrations of chimpanzees in response to 4 ng/kg E. coli endotoxin bolus injection
3071 Regardless, when we compared human and chimpanzee macrophages ex vivo, we
did not observe a statistically significant difference in the inflammatory response to LPS
in exactly the same conditions where we did observe a difference in both bacterial killing
and bioparticle phagocytosis.

Furthermore, millions of years have passed since humans and chimpanzees

diverged from each other '°® ') Therefore, studying differences in Cmah” and WT
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mice allows for greater sample sizes with much less genetic variation. Overall, we
observed similar results in Cmah” vs. WT mice as we did in humans vs. chimpanzees
and Cmah” mice are useful as a model for human evolution as well as human disease
susceptibility.

While much further work is needed to define the multiple consequences of
CMAH/Neu5Gc loss during human evolution, our current work suggests that there were
likely complex effects on innate immunity, apparently providing a greater capability to
clear sub-lethal bacterial challenges, possibly at the cost of increased risk of endotoxic
shock. These findings may also help explain why the Cmah null state alters disease
severity in mouse models of human disease associated with inflammation, like muscular
dystrophy. They are also relevant to future modeling of human infectious disease states in
mice.
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Figure 2-1: Comparison of the Inflammatory Response and Endotoxin Binding in
WT and Cmah™ mice. (A) Humans and Cmah” mice lack endogenous Neu5Gc, whereas
WT mice and chimpanzees have high Neu5Gc expression. (B) Wild type and Cmah™
mice were subjected to lethal LPS challenge at different doses (20 mg/kg n=7, 30 mg/kg
n=16, 40 mg/kg n=8) and % mortality at 72 hours was reported for each LPS
concentration. (C) Wild type (n=19) and Cmah” mice (n=16) were subjected to lethal
LPS challenge (30 mg/kg) (D) Wild type (n=8) and Cmah” mice (n=10) were subjected
to lethal LPS challenge (40 mg/kg) and survival was monitored for 72 hours. (E) Bone
marrow-derived macrophages (n=3) and (F) Peritoneal macrophages (n=4) from WT and
Cmah” mice were stimulated for 24 hours with LPS and the secreted cytokines in the
supernatant were quantified by cytokine bead assay (BD).
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Figure 2-2: Comparison of Bacterial Killing and Phagocytosis in WT and Cmah™ ex
vivo and in vive. (A) Peritoneal macrophages from WT and Cmah”™ mice were
stimulated with E. coli K12 for 1 hour at an MOI of 1. (B) Whole blood from WT and
Cmah” mice (n=3) was stimulated with ~4 x 10° CFU of E. coli K12 and aliquots were
plated at 30 min, 60 min, and 90 min. (C) Peritoneal macrophages (n=4) from Cmah”
mice were fed NeuSAc or Neu5Ge for 4 days, followed by stimulation with E. coli K12
for 1 hour at MOI’s of 0.1 and 1. (D) The lungs of WT (n = 9) and Cmah” (n=8) mice
were infected with 5 x 10° CFU of E. coli K12 and bacterial survival was assessed by
plating an aliquot of the total lung homogenate 24 hours after infection. (E) Peritoneal
macrophages from WT and Cmah™ mice were stimulated with pHrodo Red S. aureus
bioparticles for 2 hours. (F) Bioparticle fluorescence from WT and Cmah” mice was
quantified by Imagel (n=3).
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Figure 2-3: A. Comparison of Bacterial Killing and Phagocytosis in Humans and
Chimpanzees. (A) Monocyte derived macrophages from humans and chimpanzees (n=6)
were stimulated with E. coli K12 for 1 hour at an MOI of 1. (B) Whole blood from
humans and chimpanzees (n=2) was stimulated with ~4 x 10° CFU of E. coli K12 and
aliquots were plated at 30 min, 60 min, and 90 min. (C) Monocyte derived macrophages
from humans (n=7) were fed 2 mM NeuSAc or Neu5Gc for 4 days, followed by
stimulation with E. coli K12 for 1 hour at an MOI of 1. (D) Monocyte derived
macrophages from 5 humans and 4 chimpanzees were stimulated with 1 ng/ml LPS for 4
hours in the presence of Brefeldin A and intracellular TNFa expression was quantified by
flow cytometry. (E) Monocyte derived macrophages from humans and chimpanzees were
stimulated with pHrodo Red E. Coli or S. aureus bioparticles in pooled heat denatured
autologous serum for 1 hour. (F) Bioparticle fluorescence from 5 humans and 4
chimpanzees was quantified by Image].
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Figure 2-4: Comparison of TNFo production and Phagocytosis in NeuSGe and
NeuSAc Fed Human Macrophages. (A) Monocyte derived macrophages from humans
(n=7) were fed 2 mM NeuSAc or Neu5Gc for 4 days, followed by stimulation with 0-1
ng/ml LPS in the presence of Brefeldin A for 4 hours and intracellular TNFa expression
was quantified by flow cytometry. (B) At one concentration (1 ng/ml), the effect of
Neu5Gce feeding was significant. (C) Monocyte derived macrophages were incubated
with pHrodo Red S. aureus bioparticles in serum free conditions for 2 hours. (D)
Bioparticle fluorescence from 4 individuals fed either NeuSAc or Neu5Gc was quantified
by Image].
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Figure 2-5: C/EBP Expression is Suppressed By The Presence of Neu5Ge. (A) MA
plot of total RNA-seq results, comparing peritoneal macrophages isolated from Cmah”
mice (n=3) fed either 2 mM NeuSAc or 2 mM Neu5Gc for 3 days. (B) C/EBPJ
expression was suppressed in macrophages that had been fed Neu5Ge (***q value =
0.000495 by DESeq analysis). (C) Peritoneal macrophages from WT and Cmah™ mice
(n=5) were immunoblotted against o -tubulin and LAP, a 34 kDa isoform of C/EBPJ
(background was subtracted in Imagel with rolling ball radius of 100 pixels). (D) Imagel
quantification and analysis of WT vs. Cmah” LAP expression levels normalized to o-
tubulin levels.
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Figure 2-S1: Surface TLR4 Expression and Fluorescent LPS Binding Is Similar in
WT and Cmah” Macrophages (A) Surface TLR4 expression of peritoneal
macrophages isolated from WT and Cmah™ mice (n=4). (B) Real time measurement of
fluorescent LPS binding to macrophages present in the total peritoneal lavage from WT
and Cmah™™ mice (n=4).
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Figure 2-S2: Comparison of the Inflammatory Response in Human and
Chimpanzee Monocytes Monocytes from humans and chimpanzees (n=6) were CD14
positively enriched and stimulated with LPS in the presence of Brefeldin A for 4 hours.
(A) The %TNFa positive monocytes and (B) the median fluorescence intensity of
intracellular TNFa were determined by flow cytometry.
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Figure 2-S3: Mouse and Human Macrophages Incorporate NeuSGce After Feeding
(A) Peritoneal macrophages from Cmah™ mice were fed 2 mM Neu5Gce or NeuSAc for 3
days (n=5). (B) Monocyte derived macrophages from humans were fed 2 mM Neu5Gc or
NeuSAc for 4 days during differentiation into macrophages. Sialic acid content was
determined by DMB-HPLC.
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Table 2-S1: Genes Are Significantly Differentially Expressed between Cmah™
macrophages fed equal concentrations of either Neu5Ac or Neu5Gc

Gene
Jund
Scandl
Crif2
Bri3
Cebpb
Bcel7c
Csf2ra
Fam20c
Map7d1
Ptms
Hnrnpa0
2310036022Rik
H2afj
Dctnl
Sdf211
Rnaseh2c
Trim8
Ehmt2
Ppp1r9b
Dhrsx
Slc15a3
B4galntl
Heatrl
Zfp771
Atpl3a2
Rps2
Ssbp4
Zfp3612
Kdmo6b
Irf2bp2
Rnf44
Keapl
Iscu
Plxndl
Tmsb4x

Mean log2(Fold
Count Change)
2250 -0.558
322 -0.954
2200 -0.354
726 -0.694
1840 -0.548
109 -0.869
3780 -0.3
9130 -0.144
4550 -0.179
3880 -0.243
1190 -0.358
1140 -0.301
310 -0.624
1970 -0.247
718 -0.316
358 -0.413
858 -0.297
1850 -0.216
2830 -0.309
323 -0.586
21500 -0.195
2200 -0.218
709 0.277
88 -0.83
3810 -0.278
1580 -0.25
961 -0.256
4670 -0.285
409 -0.459
1440 -0.279
1780 -0.248
814 -0.276
481 -0.313
4120 -0.255
43100 0.101

Standard Error
log2 (Fold Change)

0.0553
0.108

0.0628
0.124

0.106

0.171

0.0593
0.0284
0.0355
0.0477
0.0744
0.0629
0.136

0.0549
0.0706
0.0949
0.0682
0.0507
0.0731
0.139

0.0469
0.0532
0.0678
0.204

0.0687
0.0619
0.0641
0.072

0.117

0.0716
0.0641
0.0719
0.0822
0.0667
0.0267

q value
6.01E-20

5.75E-15
0.0000627
0.0000627
0.000495
0.000495
0.000495
0.000495
0.000495
0.000495
0.00148
0.0016
0.00389
0.00545
0.00574
0.00904
0.00904
0.0127
0.0133
0.0145
0.0165
0.0207
0.0207
0.0221
0.0227
0.0227
0.0257
0.029
0.0333
0.0352
0.0398
0.0422
0.0447
0.0447
0.0455

Genes are displayed in order of significance (q value, determined by DESeq analysis).
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The text of Chapter 2, in full, is a reprint of the material as it appears in the article
of the same title by Okerblom J, Schwarz F, Olson J, Fletes W, Ali SR, Martin PT, Glass
CK, Nizet V, and Varki A in the Journal of Immunology, 2017. The dissertation author

was the primary author of this article.
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Abstract (250 words)

Humans are exceptional long-distance runners compared to other primates, a
feature that likely emerged in genus Homo ~2 million years ago, and mainly attributed to
anatomical and physiological adaptations, including striding bipedalism and heat
dissipation. We studied the oxygen metabolism and exercise capacity of Cmah” mice,
emulating A/u-mediated inactivation of CMAH ~2-3 million years ago, which may have
contributed to speciation of the genus Homo. CMAH encodes production of Neu5Gc, a
major cell surface sialic acid that differs by a single oxygen atom from the precursor
Neu5Ac, which is thus increased in humans. Cmah” mice voluntarily exercise further
and run faster after adaptation to exercise. They also manifest a human-like increase in
endurance during treadmill testing. Gastrocnemius complex time to fatigue measured in
situ was more than 2-fold higher compared to WT. Ex vivo, soleus and diaphragm
maximum force and fatigability was comparable. Capillarity to muscle fiber ratio is
significantly higher in Cmah™ vs. WT soleus. Metabolites in the pentose phosphate
pathway and amino acid metabolism are enriched in exercise-trained Cmah” soleus
compared to WT. Oxidative phosphorylation of soleus and diaphragm muscle fiber
bundles measured ex vivo was also significantly higher in Cmah null vs. WT mice.
C/EBPo, a transcription factor involved in regulation of metabolic and inflammatory
pathways is also differentially expressed in Cmah” vs. WT muscle. Loss of CMAH in
Homo likely allowed greater maximum aerobic capacity, independent of biomechanical
or dermatological evolution, contributing a selective advantage when Homo transitioned

towards persistence hunting and greater consumption of meat.
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Introduction
Early phases of the emergence of genus Homo coincided with a period of major
transition from forests to the open savannahs 2-3 millions of years ago (Mya), which was

coupled with many postcranial biomechanical adaptations towards the facilitation of

taking longer strides and becoming very strong long distance runnerst!'” ' 4461 Ag

descendants of this lineage, we humans today rank among the top endurance runners in

[447

the animal kingdom, along with horses, dogs, ostriches etc. 1 Notably, no other extant

primate lineage has achieved this distinction**® 44,

The genus Homo likely evolved from the Australopithecus lineage*”, which has

now arguably become associated with the earliest development of stone tools (K.

142 [116, 132]

Vand A. afarensis , ~3.3 mya). The development of these tools likely

platyopst
occurred as ancient hominins increased their consumption of other animals, and the
stones were likely used for breaking open bones and consuming energy-rich bone

140, 438, 451
marrow! 40 438 451]

. The biomechanical adaptations towards efficient running in Homo
erectus (~1.8 mya) then apparently facilitated active killing of other animals. However,
while some improvements in stone tools occurred**?, there is a >1 million gap before the
earliest evidence of stone spear heads (~0.5 mya)*>* or wooden thrusting spears**.
How Homo achieved its hunting prowess remains an unsolved mystery, and a likely

explanation appears to be persistence hunting!*> %

, which would have required
endurance running.

The exceptional aerobic capacity of humans during conditions such as persistence

hunting has been attributed to the major alterations in skeletal biomechanics, loss of fur,
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and the development of a vast network of eccrine glands that emerged in the old world
ape lineage, which facilitated a more rapid and more efficient loss of heat compared to
other mammals that primarily lose heat through apocrine gland sweating and/or
panting!''"* ***)_ However, other mutually non-exclusive explanations can be considered,
and the molecular events underlying this transition also remain unclear.

About 2-3 Mya, the Alu:Alu fusion-mediated loss of CMP-NeuSAc hydroxylase
(CMAH) function became fixed within the entire human lineage, possibly due to the
selective pressures of an ancient Neu5Gce-recognizing pathogen, coupled with an anti-

[178.457] 'The ramifications of this major

Neu5Gce antibody-mediated reduction in fertility
change in cell surface biochemistry continue to be explored in mouse models*® and
there is evidence for a multitude of significant phenotypic effects, including a human-like

195 1961 Dyring these

increase in sensitivity to certain muscular dystrophy pathologies!
muscle studies, no major differences in the force frequency relationship ex vivo were
shown between WT and Cmah null muscle itself. However, independent gene expression

188, 193]

studies pointed towards alterations in redox biology! and in several transcription

factors linked to metabolism and inflammation, such as CREB1, C/EBPJ, and C/EBPa

[195]

CMAH is a hydroxylase/mono-oxygenase enzyme that utilizes a variety of co-
factors, including cytochrome b5/b5 reductase, iron, oxygen, and NADH during the
hydroxylation of the N-acetyl moiety of the sialic acid N-acetylneuraminic acid
(Neu5Ac), converting it to the hydroxylated form, N-glycolylneuraminic acid
(Neu5Gce)?"?2. For this reason, alterations in redox biology due to Cmah loss have been

proposed as a molecular mechanism for the age-related hearing loss that occurs in Cmah
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- [188]

mice' ", but only very limited investigations into any physiological effects of
alterations in redox metabolism, substrate utilization, or oxygen delivery have been
performed [185 192:193.459]

The loss of surface Neu5Ge, which results in the loss of millions of hydroxyl
groups on all cell surfaces, could also potentially alter the hydrophobicity of membranes,
which could in turn alter the interactions between red blood cells (RBCs) and endothelial

460, 461]

cells within capillaries! or perhaps modulate the diffusibility of hydrophobic

[238

molecules, such as oxygen™*). Regardless of whether this notion is correct, oxygen

delivery and utilization is particularly important in conditions of maximum aerobic

4624931 " this regard,

capacity, such as during the conditions of persistence hunting
alterations in both oxygen substrate utilization and in oxygen delivery (capillary density)
have been shown to directly affect maximum aerobic capacity and muscular endurance in
multiple mammalian models #*%.

Considering multiple clues linking CMAH loss to muscle function and no known
effect on skeletal biomechanics or the ability to lose heat through differences in fur and

sweat glands, we became motivated to physiologically investigate the effects of Cmah

loss on exercise endurance in Cmah” vs. WT mice.

Materials and Methods

Animals and tissue collection. All animal experiments were conducted under
approved protocols and according to the regulations and guidelines of the Institutional
Animal Care and Use Committee at the University of California, San Diego. All WT and

Cmah™ animals tested for this study originated from a single founder cage of
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heterozygous Cmah C57BL/6N mice. All terminal tissue collection took place on
euthanized mice that were fasted from 9:00 AM to 1:00 PM, with tissue collection
beginning at 1:00 PM.

Treadmill Exercise. All mice were familiarized on a treadmill (model no. CL-4,
Omnitech, Columbus, OH) for 10 minutes at a speed of 10 m/min for two consecutive
days. After walking the mice for 10 minutes at 10 m/min, treadmill speed was then
ramped up to 20 m/min over the course of 10 min at a speed of Im/min per minute. Mice
were then ramped to 25 m/min for 20 min, 30 m/min for 5 min, 35 m/min for 5 min, 40
m/min for 40 min, and then increased at 1 m/min per minute until exhaustion. For each
running test, exhaustion was defined as the point at which the mouse was no longer able
to maintain normal running position on the treadmill and/or sitting on a shock grid (<0.1
milliamps) at the rear of the treadmill for 4 consecutive seconds.

Voluntary Exercise. Mice were allowed free access to a running wheel
connected to a digital recorder for 15 days. Distance run and average speed were
recorded on a daily basis at 9:00 AM. After 15 days of running, running wheels and food
were removed at 9:00 AM, which was 4 h before terminal tissue and serum collection
began.

Serum Chemistry Profiling. Chemistry tests are carried out at the UC San Diego
Health Clinical Laboratory, La Jolla, which uses the Cobas 8000 automated chemistry
analyzer (Roche) with a general coefficient of variance of <5%.

In situ Fatigability. Mice were anesthetized with isoflurane, and maintained on a
heated surgery table to maintain temperature (37 = 1) throughout the procedures. Oxygen

saturation was monitored with a Mouse PulseOx (STARR Life Sciences) and maintained
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at above 90% in all groups before experimentation. The sciatic nerve was then exposed
and connected to electrodes. The gastrocnemius complex was then separated from the
bone, and the tendons connected by a suture to a force transducer and electrically
stimulated with a Grass S88X Stimulator (Astro-Med, West Warwick, RI) to contract
with a single pulse (8 volts, 200-ms duration electrical stimulation) to set L,. To measure
fatigue, the gastrocnemius complex was stimulated with repeated trains (8 volts, 0.25
trains per second (tps), 80 Hz) until the force generated fell to 60% of the initial force
output (time to fatigue).

Ex vivo Muscle Testing. Mice were anesthetized with isoflurane and the

14661 and diaphragm™®’} muscles were dissected. For each test, the muscle was

soleus
mounted in a chamber filled with Kreb's solution at 32°C (126 mM NaCl, 2.5 mM KCl,
2.5 mM CaCl,, 1.2 mM MgCl,, 1.2 mM NaH,POy4, and 25 mM NaHCOs; at pH 7.2) and
continuously bubbled with oxygen (95% 0,-5% CO,). One tendon was tied with silk
thread to a force transducer, and the other tendon was tied to an adjustable tube at the
opposite end of the chamber, allowing muscle length to be changed incrementally to set
the optimal muscle length (L,). Muscles were stimulated with an S48 stimulator (Grass
Technologies, Quincy, MA) at supramaximal voltage using platinum electrodes placed on
either side of the muscle. Following 15 min of equilibration, the muscles were tested for
contractile function and fatigue resistance. To assess contractile function, the force
frequency relationship was established for each muscle. Maximum isometric tetanic force
was measured by recording force output at stimulation frequencies of 1, 15, 30, 50, 80,

100, 150, and 250 Hz (500-ms train duration, 0.2-ms pulse duration) for soleus and

diaphragm. The muscles were stimulated to contract once every 1.5 min to prevent
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fatigue. Stability of the muscle was checked by periodically stimulating the muscle at
maximal frequency throughout the course of the experiment. To measure fatigue,
isometric tetanic contractions were elicited with 500-ms train duration and 0.2-ms pulse
duration at 80 Hz (soleus) or 40 Hz (diaphragm). Stimulation frequency was increased
every 2 min (soleus) in a progressive manner (from a contraction every 8s to 4s to 3s to
2s to 1 s). Time to fatigue was measured at the time it took each muscle to reach 60% of
the maximal developed force for that muscle. When all testing was finished, L, was
measured using a reticle with a surgical microscope (Zeiss OPMI, Thornwood, NY),
tendons were removed, and the muscles were blotted and weighed. Cross-sectional area

was calculated, as previously described (7"

, and the specific force was expressed in
Newtons per square centimeter.

High Resolution Respirometry. Following dissection, tissues were placed
immediately in preservation solution at 4°C until measurement could be made (~30 min
to 4 hr after euthanasia). Preservation medium (BIOPS) contained 10 mM Ca’’EGTA
buffer, 20 mM imidazole, 50 mM K'-4-morpholineothanesulfonic acid (MES), 0.5 mM
dithiothreitol, 6.56 mM MgCl,, 5.77 mM ATP, 15 mM phosphocreatine and a pH of 7.1.
Tissue samples (~1 mg) were weighed using a microbalance and transferred into a
calibrated respirometer (Oxygraph 2k, OROBOROS INSTRUMENTS, Innsbruck, AT)
containing 2 ml of media in each chamber. Respirometry was performed in duplicate at
37°C in stirred media (MiR05) containing 0.5 mM EGTA, 3 mM MgCl,, 60 mM K-
lactobionate, 20 mM taurine, 10 mM KH,PO,4, 20 mM HEPES, 110 mM sucrose, and 1

g/l BSA essentially fatty acid free, adjusted to pH 7.1. [O;] in the media was kept

between 300-500 pmol/ml.
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A simplified substrate-uncoupler-inhibitor-titration (SUIT) protocol was utilized

to assess maximum ADP-stimulated oxidative phosphorylation (OXPHOS)!*"!

, including
10 mM glutamate and 2 mM malate to support electron entry through complex 1 (GM;
‘LEAK’ state), 5 mM ADP to stimulate oxidative phosphorylation, 10 mM succinate to
maximize convergent electron flux at the Q-junction, and 10 uM cytochrome-c to test for
outer mitochondrial membrane integrity as a quality control (>10% cytochrome C
response was excluded).
Skeletal muscle morphology and immunohistochemistry. Capillaries and fibers
in 10-um cryosections were detected using the Capillary Lead-ATPase method 7%,
Images were captured using a Hamamatsu Nanozoomer Slide Scanning System. Total
capillary numbers, total fiber numbers, and total muscle areas were calculated by Imagel.
Electron Microscopy (TEM) preparation of Muscle Tissue
Tissues were fixed with 2% paraformaldehyde and 2.5% glutaraldehyde in 0.15M
Sodium Cacodylate buffer (SC buffer pH 7.4), treated with 1% osmium in 0.15M sodium
cacodylate for 1-2 hr. on ice, washed with 0.15M SC buffer followed by rinsing in
ddH20 on ice, incubated in 2% UA for 1 to 2 hrs at 4°C, dehydrated in ethanol,
embedded in durcupan, sectioned by diamond knife, and post stained with uranyl acetate
and lead. Images were captured on FEI Spirit Tecnai TEM at 80KV with Eagle 4kx4k
camera.
Metabolomics Performed by West Coast Metabolomics Center, UC Davis
Genome Center—Metabolomics, University of California Davis, 451 Health Sciences

Drive, Davis, California 95616, United States Instrument: Gerstel CIS4 —with dual MPS

Injector/ Agilent 6890 GC- Pegasus III TOF MS. Injector conditions: Agilent 6890 GC
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is equipped with a Gerstel automatic liner exchange system (ALEX) that includes a
multipurpose sample (MPS2) dual rail, and a Gerstel CIS cold injection system (Gerstel,
Muehlheim, Germany) with temperature program as follows: 50°C to 275°C final
temperature at a rate of 12 °C/s and hold for 3 minutes. Injection volume is 0.5 pl with 10
ul/s injection speed on a splitless injector with purge time of 25 seconds. Liner (Gerstel
#011711-010-00) is changed after every 10 samples, (using the Maestrol Gerstel
software vs. 1.1.4.18). Before and after each injection, the 10 pl injection syringe is
washed three times with 10 pl ethyl acetate. Gas Chromatography conditions: A 30 m
long, 0.25 mm 1id. Rtx-5Sil MS column (0.25 pm 95% dimethyl 5% diphenyl
polysiloxane film) with additional 10 m integrated guard column is used (Restek,
Bellefonte PA). 99.9999% pure Helium with built-in purifier (Airgas, Radnor PA) is set
at constant flow of 1 ml/min. The oven temperature is held constant at 50°C for 1 min
and then ramped at 20°C/min to 330°C at which it is held constant for 5 min. Mass
spectrometer settings: A Leco Pegasus IV time of flight mass spectrometer is controlled
by the Leco ChromaTOF software vs. 2.32 (St. Joseph, MI). The transfer line temperature
between gas chromatograph and mass spectrometer is set to 280°C. Electron impact
ionization at 70V is employed with an ion source temperature of 250°C. Acquisition rate
is 17 spectra/second, with a scan mass range of 85-500 Da.

Antibodies. C/EBP6 Antibody #2318 (Cell Signaling, MA, USA) was used for

western blot.

Statistical Analysis. Error data represents standard errors of the means (SEM) of
the results. When comparing WT vs. Cmah™, statistical analysis was performed using

two-way analysis of variance (ANOVA) followed by the Tukey’s multiple comparisons
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test or Student’s paired two-tailed t test when appropriate. Unless otherwise specified in
the figure legend, * (P < 0.05), ** (P < 0.01), *** (P < 0.001), and **** (P < (0.0001)
represent statistical significance.
Results

Mice with a human-like Cmah deficiency perform better during forced
exercise and voluntary exercise testing. WT and Cmah” mice were subjected to an
endurance ramp up treadmill exercise protocol. Separate groups were tested either at
baseline (Figure 3-1 A) or after 30 days of voluntary exercise with treadmill training once
a week (Figure 3-1 B). In multiple independent tests, Cmah”™ mice displayed a greater
running endurance compared to WT controls, both at baseline and after adaptation to
exercise. A separate study also measured exercise parameters (speed and distance) and
serum biochemistry profiles of WT and Cmah™ mice during 15 days of voluntary
exercise. After adaptation to exercise, Cmah™ ran at a significantly faster pace (Figure 3-
2 A) and longer distance (Figure 3-2 B) compared to WT controls. Although Cmah null
mice outperformed WT mice, a serum chemistry panel performed after day 15 of exercise
revealed that multiple transaminases, which indicate muscle damage during intense

: 473,474
€XErcise [473, 474)

, were increased only in the serum of exercise-trained WT mouse, but not
exercise-trained Cmah null mice (Figure 3-2 C-D). Lactate was also slightly elevated in
the soleus of WT exercise-trained mice but not Cmah™ exercise-trained mice (Table 3-1).

These results indicate that WT muscle may be exercising at a greater intensity or stress,

despite a reduced speed and distance compared to Cmah™.
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Gastrocnemius complex from Cmah™ mice display a greater resistance to
fatigue in situ but not ex vivo, which could be related to a difference in capillarity.
To directly measure the fatigue resistance of WT vs. Cmah” mice with intact vascular
and nervous systems, we electrically stimulated the gastrocnemius complex to contract in
situ in anesthetized mice. Cmah™ gastrocnemius complex reached fatigue (60% of initial
force) later (7.1 min = 0.4) than the control group (3.2 min = 0.3) (Figure 3A-B). We next
evaluated the force-frequency (Figure 3-3 C-E) and time to fatigue (Figure 3-3 F) in an
isolated peripheral muscle (soleus) and respiratory muscle (diaphragm). No change in
the maximal force (soleus p=0.4, diaphragm p=0.8) or time to fatigue (soleus p=0.9,
diaphragm p=0.4) was detected between the experimental groups. However, histological
analysis showed that the capillary to fiber ratio of the soleus is higher in non-exercise
trained Cmah™ mice than WT controls (Figure 3-4 A). There was a trend for a higher
capillary density (p= 0.1) (Figure 3-4 B) but not mean fiber area (p= 0.6) in Cmah null
soleus compared to WT (Figure 3-4 C). Mitochondrial volume densities in WT and
Cmah™ tibialis anterior muscles were not significantly different (p= 0.4, Figure 3-4 D).

Pentose phosphate pathway and amino acid metabolism are enriched in
Cmah™ exercise trained mouse locomotor muscle. To determine any difference in the
major metabolic pathways, the soleus muscles from exercised and non-exercised WT and
Cmah™ mice were subjected to GC-TOF untargeted metabolomics analysis. The top 100
metabolite expression differences are visually illustrated by a heat map (Figure 3-5 A).
Metabolic pathway enrichment analysis comparing exercise-trained WT and Cmah™
mice revealed enrichment of metabolites that comprise the pentose phosphate pathway

and amino acid metabolism (Figure 3-5 B). Targeted evaluation of specific metabolites
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illustrates a greater upregulation of ribulose-5-phosphate, ribose, xylulose, and multiple
amino acids in Cmah” exercise-trained muscle compared to WT exercised trained
muscle, particularly proline, phenylalanine, and the branched chain amino acids leucine
and isoleucine. Aspartate, threonine, asparagine, and tyrosine were also upregulated in
Cmah™ exercise-trained soleus but not in WT exercise-trained soleus in the same
conditions. Several other amino acids were also upregulated in both WT and Cmah™
exercised tissues as a general effect of exercise shared between the two groups, although
most were trending at a higher upregulation in Cmah” exercised muscle vs. WT
exercised muscle. Lactate levels were also slightly elevated in WT exercise-trained
muscle but not in Cmah™ exercise-trained muscle (Table 3-1).

Locomotor and respiratory fibers from Cmah” mice show a greater
mitochondrial efficiency. To assess the coupled respiratory capacity of WT and Cmah™
muscle, oxygen consumption (O, flux) was measured in permeabilized fiber bundles
derived from soleus (Figure 3-6 B) and diaphragm (Figure 3-6 A) in the presence of
complex I substrates (glutamate and malate), state III (saturating ADP conditions), and
complex I + II substrates while in state III (glutamate + malate + ADP + succinate) with
subsequent cytochrome C addition as a quality control. We found that in saturating
conditions of ADP and mitochondrial complex I +II substrates, Cmah” muscle had a
greater O; flux (oxygen consumption per second normalized to muscle fiber bundle mass)
compared to WT controls (Figure 3-6 A-B), indicating a higher maximum ADP-
stimulated oxidative phosphorylation (OXPHOS) capacity in Cmah” mouse muscles
compared to WT controls.

Differential Expression of the Transcription Factor C/EBPd
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Based on gastrocnemius gene expression data reported previously [

, we sought to
investigate whether the transcription factor C/EBP9S protein expression was upregulated

in the soleus muscles of Cmah” mice and confirmed that C/EBP§ protein expression is

indeed upregulated in Cmah™ soleus muscle compared to WT controls (Figure 3-7 A-B).

Discussion
Hominin evolution is like a bush, with many stems arising in many places,
making it difficult to truly determine the exact origins of Homo sapiens, the only species

475

to have successfully reached the top of the bush [*°!. Hominin CMAH loss coincides with

the major biomechanical and environmental changes that took place while transitioning

1 1 114, 12
from the forests to the open savannahs!'®® 0% 114 127]

and this may have facilitated an
increase in the capabilities of ancient hominins to perform persistence hunting. For this
reason, the exact timing of CMAH loss in the fossil record is of major interest and a
biochemical method to indirectly determine the sialic acid composition of ancient
hominin fossils by measuring the composition of a highly stable Neu5Gc metabolite has
recently been developed (Bergfeld et. al., in review).

Emulating human CMAH loss by knockout of Cmah in mice illustrates a
molecular mechanism for an increased capability for the utilization of oxygen, most
evident by an increase in endurance running performance, muscle fatigability in situ, and
muscle respiration ex vivo. Importantly, these differences are completely independent of
differences in biomechanics or sweat glands strongly associated with the success of

humans for long distance running compared to other vertebrates. At least part of this

difference in oxygen utilization is due to a difference in baseline skeletal muscle
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capillarity in the soleus, which is a highly oxidative muscle compared to most muscles in

a mouse, but more closely resembles the fiber type distribution of human muscles™*’® *77).

Increasing capillarity would increase nutrient and oxygen delivery, which is vital during
periods of prolonged endurance in vivo or resistance to fatigue in situl*®® 750 A
comparable performance of muscle fatigability ex vivo further strengthens the evidence
for an essential nutrient and oxygen delivery component contributing to the differences in
muscle fatigability measured in situ and in vivo and some components such as
RBC/endothelial interactions involving the glycocalyx are a possibility>** % 411 Byt
differences observed in the ADP-stimulated OXPHOS of saponin-permeabilized muscle
fiber bundles raises the possibility that Cmah” muscle might be unable to perform at
maximum oxidative capacity when measuring fatigability ex vivo, where there are known
limitations in the capability to deliver oxygen to the entire tissue in saturating
conditions!**"].

Because Cmah”™ mice are more susceptible to multiple models of muscular
dystrophy, we also investigated the expression levels of the transcription factor C/EBP9,

which connects changes associated with metabolism'** to the inflammatory response!***

484] 485

and muscle wasting**’). We have also previously reported that the expression of

another C/EBP family member (C/EBPp) could be modulated by simply feeding Neu5Gce

[91) and that this transcription factor is differentially expressed in

to macrophages ex vivo
WT vs. Cmah” macrophages. Thus, we now provide further evidence that C/EBP family
members are becoming differentially expressed in multiple tissue types in Cmah”" mice.

Although much further work is needed to determine what factors are contributing to this

transcription factor differences, our current work suggests that there were likely complex



81

effects of Cmah loss on vascular and skeletal muscle physiology, apparently providing a
greater capability for long distance running in vivo, resistance to muscle fatigability in
situ, and greater ADP-stimulated OXPHOS in skeletal muscle ex vivo despite no
measurable difference in fatigue resistance ex vivo. Upregulation of the transcription
factor C/EBPd may also help explain why the Cmah-null state alters disease severity in
mouse models of human disease associated with inflammation and muscle wasting, such
as muscular dystrophy.

Overall, it is clear that no single mechanism can fully account for the increase in
exercise and endurance capacity observed in Cmah null mice. Indeed, it appears that
multiple mechanisms were likely involved. Given the timing of the mutation and the
potential relevance of its fixation to the emergence of the genus Homo, it is reasonable to
speculate that this mutation may have facilitated the emergence of the unusual phenotype

of our likely ancestral lineage.
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Figure 3-3: Peripheral and respiratory muscle contractile function in WT and
Cmah” mice. (A) Time to fatigue (60% of initial) of gastrocnemius complex electrically
stimulated via the sciatic nerve (n=6). (B) Force production normalized to % of initial
contraction during the first 5 minutes (n=6) of tetanic contractions. (C) Force frequency
relationship of soleus (n=4) and (D) diaphragm (n=4) muscles. (E) Peak specific forces in
soleus and diaphragm during force frequency testing and (F) time to fatigue (60% of
initial) during repetitive tetanic contractions in soleus (80 Hz) and diaphragm (40Hz).
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Figure 3-4: Image analysis of skeletal muscle vascularity and mitochondrial density
in WT and Cmah” mice. (A) Muscle capillary-to-fiber ratio was measured by lead
ATPase stain in the soleus (n=6). (B) Number of capillaries divided by the total muscle
fiber area was calculated to report capillary density (n=6). (C) Total muscle fiber area
divided by the number of muscle fibers was calculated to report mean muscle fiber area
(n=6). (D) Mitochondrial volume density was also measured by transmission electron
microscopy of the tibialis anterior (n=3).
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(GM) to measure complex I respiration, ADP to measure state III respiration, complex II
substrate succinate (Suc) to measure complex I and complex II respiration combined, and
Cytochrome C (Cyt C) as a quality control to ensure mitochondrial outer membrane

integrity.
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Figure 3-6: Metabolite profiles and pathway enrichment in WT vs. Cmah™ mice. (A)
Heat map for visualization of 100 metabolite expression profiles in non-exercised (n=10
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Metabolite Set Enrichment Analysis (MSEA)™® comparing Cmah™ vs. WT exercise
trained mice (n=13 WT and 12 Cmah™).



Table 3-1: Targeted Metabolic Pathway Analysis

Pathway WT WT ExT KO KO ExT
Lactate 330+ 38 445 + 217 378+ 25 380+ 25
Citric Acid Cycle
Citrate 59+22 11.8+1* 2.7+0.8 14.2 £ 1.5%*
Succinate 0.3+0.02 0.3+0.04 0.3+0.04 0.3+0.08
Fumarate 12.3+£0.8 14.5+0.7 13.9+£0.9 16.1 £1.7
Malate 142+1.3 199+1.2 156+1.4 19.7£1.2
Pentose Phosphate Pathway
Ribose 1.0+0.2 0.8+ 0.1 0.8+ 0.1 1.24+0.01*
Xylulose 0.2+ 0.04 0.1+ 0.01 0.1+0.02 0.2+ 0.027
Oxidative Phase
Ribulose-5-Phosphate 0.7+0.1 0.6+ 0.05 0.6+ 0.05 1.0+ 0.1%
Non-Oxidative Phase
Ribose-5-Phosphate 23+04 2.1+£0.2 2.6+0.1 2.8+£0.5
Amino acid metabolism
Proline 0.5+ 0.04 0.9+ 0.04 0.6 +0.1 1.54+0.2%
Oxoproline 173+ 45 161+5 125+ 7 254+ 64
Phenylalanine 0.8+0.1 2.0+£0.2 0.7£0.1 2.7+ 0.3*%*
Isoleucine 48+0.5 7.7+£0.4 47+0.4 11.0+ 0.9%
Leucine 11.4+0.1 15,5+ 0.7 11.0£0.7 20.8+2.1%
Valine 10.5+0.4 16.4+0.6* 10.6+0.6 18.9 £ 1.4**
Glutamine 1.1£04 14+£0.3 3.0£25 1.3£0.3
Glutamate 447+9.4 62.5+4.6 429+3.7 57.1+7.9
Aspartate 149+2.6 472+64 14.4+ 3.7 64.0£9.9%*
Threonine 5.0+0.7 73+£04 4.3+0.8 10.3+1.4%
Methionine 0.5+0.1 1.1+£0.1* 0.5+ 0.1 1.5+ 0.2%*
Cysteine 0.2+ 0.02 0.3+0.03*  0.2+0.02 0.4+ 0.04*
Asparagine 0.1+0.01 0.1+0.01 0.1+ 0.01 0.2+0.02%
Serine 6.8+ 0.9 13.7£0.7* 6.9=%0.5 17.7+2.9%
Lysine 23+04 32+04 2.3+0.6 3.8+0.5
Tyrosine 4.4+0.5 5.6+04 3.8+04 6.3+0.7*

All samples are 10° A.U. *p = 0.07, *p < 0.05, **p < 0.001 based on 2-way ANOVA w/ multiple
comparisons made in each row between samples in bold or between samples underlined
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Figure 3-7: Comparison of C/EBPS expression in WT vs. Cmah™ muscle. (A)
Immunoblot of soleus muscle homogenates (40pg) for C/EBPS (n=5 WT and 4 Cmah™)
(B) Relative intensity quantification of C/EBPS.



The text of Chapter 3, in part, is currently being prepared for submission for
publication by Okerblom J, Fletes W, Lee J, Patel H, Schenk S, Varki A, and Breen E.

The dissertation author was the primary author of this material.
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Chapter 4

Conclusions and Future Directions

The work presented in this thesis explored various implications of the human
evolutionary loss of CMAH and Neu5Gc expression, primarily in a mouse model for
Cmah loss (Cmah”™ mice). Loss of Cmah in mice increases innate inflammation, which
has advantages for bacterial killing but is likely deleterious in situations of overwhelming
infection and endotoxic shock. In the future, it would be important to challenge Cmah™
mice with multiple clinically-relevant models for infection to determine if the differences
seen with the non-pathogenic E. coli K12 bacterial strain are strain specific or broadly
relevant. It would also be interesting to explore the actual contribution of Cmah null
mouse hyperinflammation to the observed increase in severity phenotype associated with
Cmah”/mdx mice. This could be accomplished by utilizing a CD14-targeted Cre-Lox-
inducible system for Cmah expression in Cmah”/mdx mice with all of the proper
controls.

Loss of Cmah also increases running endurance capabilities, which could have
benefited early hominins in persistence hunting. Mechanistically, current evidence points
to a difference in vascularity. But differences observed with high resolution respirometry
also hint at a greater mitochondrial efficiency. To determine what specific systems are
responsible for differences in fatigability observed, we are now developing HSA (skeletal

muscle) and PDGF (~endothelial cell) Cre-Lox inducible systems for Cmah expression.
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We are also planning to perform serial block scanning electron microscopy (SEM) 3D
reconstructions of soleus and gastrocnemius muscle to determine if there are differences
in mitochondrial networking (particularly since we do not observe any gross differences
in mitochondrial volume density) and to further investigate the observed differences in
muscle vascularity.

Another important component of oxygen delivery is cardiac output. Despite its
obvious importance, we have not yet investigated or discussed any potential role for
cardiac physiology in the observed fatigability phenotypes, primarily because of the
differences observed in gastrocnemius complex fatigability in situ, where the heart is not
overwhelmed. Notably, cardiac vascularity has been reported to be higher in human
hearts compared to chimpanzee hearts, where different pathological processes cause heart
disease between the two species. In the future, I hope to test how these alterations in
innate inflammation and vascularity could be affecting cardiac physiology in Cmah™
mice, particularly in regards to conditions of oxygen deprivation and oxidative stress,

such as during ischemia/reperfusion injury.



10.

11.

References

Varki A (2011) Evolutionary forces shaping the Golgi glycosylation
machinery: why cell surface glycans are universal to living cells. Cold
Spring Harb Perspect Biol 3(6):doi:pii: a005462.
10.1101/cshperspect.a005462.

Varki A (2017) Biological roles of glycans. Glycobiology 27(1):3-49.

Nizet V, Esko JD (2009) in Essentials of Glycobiology, eds Varki A,
Cummings RD, Esko JD, Freeze HH, Stanley P, Bertozzi CR, Hart GW,
Etzler ME (Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
NY), pp 537-552.

Kraemer PM (1966) Sialic acid of mammalian cell lines. J Cell Physiol
67(1):23-34.

Born GV, Palinski W (1985) Unusually high concentrations of sialic acids
on the surface of vascular endothelia. Br J Exp Pathol 66(5):543—-549.

Shaw L, Schauer R (1988) The biosynthesis of N-glycoloylneuraminic
acid occurs by hydroxylation of the CMP-glycoside of N-acetylneuraminic
acid. Biol Chem Hoppe Seyler 369(6):477-486.

Bouhours J-F, Bouhours D (1989) Hydroxylation of CMP-NeuAc controls
the expression of N-glycolylneuraminic acid in GM3 ganglioside of the
small intestine of inbred rats. J Biol Chem 264:16992—-16999.

Muchmore EA, Milewski M, Varki A, Diaz S (1989) Biosynthesis of N-
glycolyneuraminic acid. The primary site of hydroxylation of N-
acetylneuraminic acid is the cytosolic sugar nucleotide pool. J Biol Chem
264:20216-20223.

Kozutsumi Y, Kawano T, Yamakawa T, Suzuki A (1990) Participation of
cytochrome b5 in CMP-N-acetylneuraminic acid hydroxylation in mouse
liver cytosol. J Biochem (Tokyo) 108:704—706.

Kozutsumi Y, Kawano T, Kawasaki H, Suzuki K, Yamakawa T, Suzuki A
(1991) Reconstitution of CMP-N-acetylneuraminic acid hydroxylation
activity using a mouse liver cytosol fraction and soluble cytochrome b5
purified from horse erythrocytes. J Biochem (Tokyo) 110:429—-435.

Shaw L, Schneckenburger P, Carlsen J, Christiansen K, Schauer R (1992)
Mouse liver  cytidine-5’-monophosphate-N-acetylneuraminic  acid

93



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

94

hydroxylase--Catalytic function and regulation. Eur J Biochem 206:269—
277.

Troy FA (1992) Polysialylation: from bacteria to brains. Glycobiology
2(1):5-23.

Kawano T, Kozutsumi Y, Takematsu H, Kawasaki T, Suzuki A (1993)
Regulation of biosynthesis of N-glycolylneuraminic acid-containing
glycoconjugates: Characterization of factors required for NADH-
dependent cytidine 5’monophosphate-N-acetylneuraminic acid
hydroxylation. Glycoconjugate J 10:109—115.

Schneckenburger P, Shaw L, Schauer R (1994) Purification,
characterization and reconstitution of CMP-N-acetylneuraminate
hydroxylase from mouse liver. Glycoconjugate J 11:194-203.

Shaw L, Schneckenburger P, Schlenzka W, Carlsen J, Christiansen K,
Jirgensen D, Schauer R (1994) CMP-N-acetylneuraminic acid
hydroxylase from mouse liver and pig submandibular glands. Interaction
with membrane-bound and soluble cytochrome b5-dependent electron
transport chains. Eur J Biochem 219(3):1001-1011.

Ye J, Kitajima K, Inoue Y, Inoue S, Troy FAII (1994) Identification of
polysialic acids in glycoconjugates. Methods Enzymol 230:460—484.

Takematsu H, Kawano T, Koyama S, Kozutsumi Y, Suzuki A, Kawasaki
T (1994) Reaction mechanism underlying CMP-N-acetylneuraminic acid
hydroxylation in mouse liver: Formation of a ternary complex of
cytochrome b5, CMP-N-acetylneuraminic acid, and a hydroxylation
enzyme. J Biochem (Tokyo) 115:381-386.

Kawano T, Koyama S, Takematsu H, Kozutsumi Y, Kawasaki H,
Kawashima S, Kawasaki T, Suzuki A (1995) Molecular cloning of
cytidine monophospho-N-acetylneuraminic acid hydroxylase. Regulation
of species- and tissue-specific expression of N-glycolylneuraminic acid. J
Biol Chem 270(27):16458—-16463.

Kelm S, Schauer R (1997) Sialic acids in molecular and cellular
interactions. Int Rev Cytol 175:137-240.

Tiralongo J, Martinez-Duncker I (2013) Sialobiology: Biosynthesis,
Structure and Function (Bentham Science Publishers)

Varki A, Schauer R (2009) in Essentials of Glycobiology, eds Varki A,
Cummings RD, Esko JD, Freeze HH, Stanley P, Bertozzi CR, Hart GW,



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

95

Etzler ME (Cold Spring Harbor (NY), Cold Spring Harbor, NY), pp 199—
218.

Varki A (2010) Colloquium paper: uniquely human evolution of sialic
acid genetics and biology. Proc Natl Acad Sci U S A 107 Suppl 2:8939—
8946.

Blix G (1936) Uber die Kohlenhydratgruppen des Submaxillaris mucins. Z
Physiol Chem 240(1-2):43-54.

Lundblad A (2015) Gunnar Blix and his discovery of sialic acids.
Fascinating molecules in glycobiology. Ups J Med Sci 120(2):104—112.

Blix G, Svennerholm L, Werner I (1952) The isolation of chondrosamine
from gangliosides and from submaxillary mucin. Acta Chem Scand 6:358—
362.

Klenk E (1935) Uber die Natur der Phosphatide und anderer Lipoide des
Gehirns und der Leber bei der Niemann-Pickschen Krankheit. Z Physiol
Chem 235(1-2):24-36.

Klenk E (1941) Neuraminsdure, das Spaltprodukt eines neuen
Gehirnlipoide. Z Physiol Chem 268:50-58.

Gottschalk A (1955) Structural relationship between sialic acid,
neuraminic acid and 2-carboxypyrrole. Nature 176(4488):881-882.

Blix G, Gottschalk A, Klenk E (1957) Proposed nomenclature in the field
of sialic acids. Nature 179:1088.

Schnaar RL, Gerardy-Schahn R, Hildebrandt H (2014) Sialic acids in the
brain: gangliosides and polysialic acid in nervous system development,
stability, disease, and regeneration. Physiol Rev 94(2):461-518.

Nadano D, Iwasaki M, Endo S, Kitajima K, Inoue S, Inoue Y (1986) A
naturally occurring deaminated neuraminic acid, 3-deoxy-D-glycero-D-
galacto-nonulosonic acid (KDN). Its unique occurrence at the nonreducing

ends of oligosialyl chains in polysialoglycoprotein of rainbow trout eggs. J
Biol Chem 261(25):11550—-11557.

Angata T, Varki A (2002) Chemical diversity in the sialic acids and
related alpha-keto acids: an evolutionary perspective. Chem Rev
102(2):439-469.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

96

Inoue S, Kitajima K (2006) KDN (deaminated neuraminic acid): dreamful
past and exciting future of the newest member of the sialic acid family.
Glycoconj J 23(5-6):277-290.

Mandal C, Schwartz-Albiez R, Vlasak R (2015) Functions and
Biosynthesis of O-Acetylated Sialic Acids. Top Curr Chem 366:1-30.

Schauer R (1982) Chemistry, metabolism, and biological functions of
sialic acids. Adv Carbohydr Chem Biochem 40:131-234.

Keppler D, Lesch R, Reutter W, Decker K (1968) Experimental hepatitis
induced by D-galactosamine. Exp Mol Pathol 9(2):279-290.

Harms E, Kreisel W, Morris HP, Reutter W (1973) Biosynthesis of N-
acetylneuraminic acid in Morris hepatomas. Eur J Biochem 32(2):254—
262.

Harms E, Reutter W (1974) Half-life of N-acetylneuraminic acid in
plasma membranes of rat liver and Morris hepatoma 7777. Cancer Res
34(12):3165-3172.

Kreisel W, Volk BA, Biichsel R, Reutter W (1980) Different half-lives of
the carbohydrate and protein moieties of a 110,000-dalton glycoprotein
isolated from plasma membranes of rat liver. Proc Natl Acad Sci U S A
77(4):1828-1831.

Hinderlich S, Stische R, Zeitler R, Reutter W (1997) A bifunctional
enzyme catalyzes the first two steps in N-acetylneuraminic acid
biosynthesis of rat liver. Purification and characterization of UDP-N-
acetylglucosamine 2-epimerase/N-acetylmannosamine kinase. J Biol
Chem 272(39):24313-24318.

Stasche R, Hinderlich S, Weise C, Effertz K, Lucka L, Moormann P,
Reutter W (1997) A bifunctional enzyme catalyzes the first two steps in
N-acetylneuraminic acid biosynthesis of rat liver. Molecular cloning and
functional expression of UDP-N-acetyl-glucosamine 2-epimerase/N-
acetylmannosamine kinase. J Biol Chem 272(39):24319-24324.

Hinderlich S, Weidemann W, Yardeni T, Horstkorte R, Huizing M (2015)
UDP-GIcNAc 2-Epimerase/ManNAc Kinase (GNE): A Master Regulator
of Sialic Acid Synthesis. Top Curr Chem 366:97-137.

Eisenberg I, Avidan N, Potikha T, Hochner H, Chen M, Olender T, Barash
M, Shemesh M, Sadeh M, Grabov-Nardini G, Shmilevich I, Friedmann A,
Karpati G, Bradley WG, Baumbach L, Lancet D, Asher EB, Beckmann



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

97

JS, Argov Z, Mitrani-Rosenbaum S (2001) The UDP-N-
acetylglucosamine 2-epimerase/N-acetylmannosamine kinase gene 1is

mutated in recessive hereditary inclusion body myopathy. Nat Genet
29(1):83-87.

Broccolini A, Mirabella M (2015) Hereditary inclusion-body myopathies.
Biochim Biophys Acta 1852(4):644—650.

Griinholz HJ, Harms E, Opetz M, Reutter W, Cerny M (1981) Inhibition
of in vitro biosynthesis of N-acetylneuraminic acid by N-acyl- and N-
alkyl-2-amino-2-deoxyhexoses. Carbohydr Res 96(2):259-270.

Kayser H, Zeitler R, Kannicht C, Grunow D, Nuck R, Reutter W (1992)
Biosynthesis of a nonphysiological sialic acid in different rat organs, using
N-propanoyl-D-hexosamines as precursors. J Biol Chem 267(24):16934—
16938.

Kayser H, Ats C, Lehmann J, Reutter W (1993) New amino sugar
analogues are incorporated at different rates into glycoproteins of mouse
organs. Experientia 49(10):885-887.

Keppler OT, Stehling P, Herrmann M, Kayser H, Grunow D, Reutter W,
Pawlita M (1995) Biosynthetic modulation of sialic acid-dependent virus-
receptor interactions of two primate polyoma viruses. J Biol Chem
270(3):1308-1314.

Wieser JR, Heisner A, Stehling P, Oesch F, Reutter W (1996) In vivo
modulated N-acyl side chain of N-acetylneuraminic acid modulates the
cell contact-dependent inhibition of growth. FEBS Lett 395(2-3):170-173.

Mahal LK, Yarema KJ, Bertozzi CR (1997) Engineering chemical
reactivity on cell surfaces through oligosaccharide biosynthesis. Science
276(5315):1125-1128.

Mahal LK, Bertozzi CR (1997) Engineered cell surfaces: fertile ground for
molecular landscaping. Chem Biol 4(6):415-422.

Herrmann M, von der Lieth CW, Stehling P, Reutter W, Pawlita M (1997)
Consequences of a subtle sialic acid modification on the murine
polyomavirus receptor. J Virol 71(8):5922-5931.

Keppler OT, Herrmann M, von der Lieth CW, Stehling P, Reutter W,
Pawlita M (1998) Elongation of the N-acyl side chain of sialic acids in
MDCK II cells inhibits influenza A virus infection. Biochem Biophys Res
Commun 253(2):437-442.



54.

55.

56.

57.

38.

59.

60.

61.

62.

63.

98

Schmidt C, Stehling P, Schnitzer J, Reutter W, Horstkorte R (1998)
Biochemical engineering of neural cell surfaces by the synthetic N-
propanoyl-substituted neuraminic acid precursor. J Biol Chem
273(30):19146-19152.

Stehling P, Grams S, Nuck R, Grunow D, Reutter W, Gohlke M (1999) In
vivo modulation of the acidic N-glycans from rat liver dipeptidyl
peptidase IV by N-propanoyl-D-mannosamine. Biochem Biophys Res
Commun 263(1):76-80.

Saxon E, Bertozzi CR (2000) Cell surface engineering by a modified
Staudinger reaction. Science 287(5460):2007-2010.

Keppler OT, Horstkorte R, Pawlita M, Schmidt C, Reutter W (2001)
Biochemical engineering of the N-acyl side chain of sialic acid: biological
implications. Glycobiology 11(2):11R—18R.

Mantey LR, Keppler OT, Pawlita M, Reutter W, Hinderlich S (2001)
Efficient biochemical engineering of cellular sialic acids using an
unphysiological sialic acid precursor in cells lacking UDP-N-
acetylglucosamine 2-epimerase. FEBS Lett 503(1):80-84.

Oetke C, Brossmer R, Mantey LR, Hinderlich S, Isecke R, Reutter W,
Keppler OT, Pawlita M (2002) Versatile biosynthetic engineering of sialic
acid in living cells using synthetic sialic acid analogues. J Biol Chem
277(8):6688—6695.

Luchansky SJ, Bertozzi CR (2004) Azido sialic acids can modulate cell-
surface interactions. Chembiochem 5(12):1706—1709.

Du J, Meledeo MA, Wang Z, Khanna HS, Paruchuri VD, Yarema KJ
(2009) Metabolic glycoengineering: sialic acid and beyond. Glycobiology
19(12):1382-1401.

Erikson E, Wratil PR, Frank M, Ambiel I, Pahnke K, Pino M, Azadi P,
Izquierdo-Useros N, Martinez-Picado J, Meier C, Schnaar RL, Crocker
PR, Reutter W, Keppler OT (2015) Mouse Siglec-1 Mediates trans-
Infection of Surface-bound Murine Leukemia Virus in a Sialic Acid N-
Acyl Side Chain-dependent Manner. J Biol Chem 290(45):27345-27359.

Wratil PR, Horstkorte R, Reutter W (2016) Metabolic Glycoengineering
with N-Acyl Side Chain Modified Mannosamines. Angew Chem Int Ed
Engl 55(33):9482-9512.



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

99

Fridman EP (2002) Medical primatology — history, biological foundations
and applications (edited by Ronald D. Nadler) (Taylor & Francis, London,
New York).

Edsall G, Gaines S, Landy M, Tigertt WD, Sprinz H, Trapani RJ, Mandel
AD, Benenson AS (1960) Studies on infection and immunity in
experimental typhoid fever. 1. Typhoid fever in chimpanzees orally
infected with Salmonella typhosa. J Exp Med 112:143—166.

Metchnikoff E, Besredka A (1911) Recherches sur la fievre typhoide
experimental. Ann Inst Pasteur 25:192-221.

King MC, Wilson AC (1975) Evolution at two levels in humans and
chimpanzees. Science 188:107-116.

Muchmore EA, Diaz S, Varki A (1998) A structural difference between
the cell surfaces of humans and the great apes. Am J Phys Anthropol
107(2):187-198.

Irie A, Koyama S, Kozutsumi Y, Kawasaki T, Suzuki A (1998) The
molecular basis for the absence of N-glycolylneuraminic acid in humans. J
Biol Chem 273(25):15866—15871.

Chou HH, Takematsu H, Diaz S, Iber J, Nickerson E, Wright KL,
Muchmore EA, Nelson DL, Warren ST, Varki A (1998) A mutation in
human CMP-sialic acid hydroxylase occurred after the Homo-Pan
divergence. Proc Natl Acad Sci USA 95:11751-11756.

Varki A (2000) A chimpanzee genome project is a biomedical imperative.
Genome Res 10:1065—-1070.

Gagneux P, Varki A (2001) Genetic differences between humans and
great apes. Mol Phylogenet Evol 18(1):2—13.

Olson MV, Varki A (2003) Sequencing the chimpanzee genome: insights
into human evolution and disease. Nat Rev Genet 4(1):20-28.

Olson MV, Varki A (2004) Genomics. The chimpanzee genome--a
bittersweet celebration. Science 305(5681):191-192.

The Chimpanzee Sequencing and Analysis Consortium (2005) Initial
Sequence of the Chimpanzee Genome and Comparison with the Human
Genome. Nature 437:69-87.



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

100

O’Bleness M, Searles VB, Varki A, Gagneux P, Sikela JM (2012)
Evolution of genetic and genomic features unique to the human lineage.
Nat Rev Genet 13(12):853-866.

Stevison LS, Woerner AE, Kidd JM, Kelley JL, Veeramah KR, McManus
KF, Great AGP, Bustamante CD, Hammer MF, Wall JD (2016) The Time

Scale of Recombination Rate Evolution in Great Apes. Mol Biol Evol
33(4):928-945.

Varki NM, Strobert E, Dick EJ, Benirschke K, Varki A (2011) Biomedical
differences between human and nonhuman hominids: potential roles for
uniquely human aspects of sialic acid biology. Annu Rev Pathol 6:365—
393.

Bond MR, Hanover JA (2013) O-GIcNAc cycling: a link between
metabolism and chronic disease. Annu Rev Nutr 33:205-229.

Hardiville S, Hart GW (2014) Nutrient regulation of signaling,
transcription, and cell physiology by O-GIcNAcylation. Cell Metab
20(2):208-213.

Angata T, Nakata D, Matsuda T, Kitajima K, Troy FAIl (1999)
Biosynthesis of KDN (2-keto-3-deoxy-D-glycero-D-galacto-nononic acid)
- Identification and characterization of a KDN-9-phosphate synthetase
activity from trout testis. J Biol Chem 274:22949-22956.

Schauer R (2004) Sialic acids: fascinating sugars in higher animals and
man. Zoology (Jena) 107(1):49-64.

Freeze HH, Elbein AD (2009) Glycosylation Precursors. Essentials of
Glycobiology

Miinster AK, Eckhardt M, Potvin B, Miihlenhoff M, Stanley P, Gerardy-
Schahn R (1998) Mammalian cytidine 5’-monophosphate N-
acetylneuraminic acid synthetase: a nuclear protein with evolutionarily
conserved structural motifs. Proc Natl Acad Sci U S 4 95(16):9140-9145.

Kean EL, Munster-Kuhnel AK, Gerardy-Schahn R (2004) CMP-sialic acid
synthetase of the nucleus. Biochim Biophys Acta 1673(1-2):56—65.

Kawano T, Kozutsumi Y, Kawasaki T, Suzuki A (1994) Biosynthesis of
N-glycolylneuraminic acid-containing glycoconjugates. Purification and
characterization of the key enzyme of the cytidine monophospho-N-
acetylneuraminic acid hydroxylation system. J Biol Chem 269(12):9024—
9029.



87.

88.

89.

90.

91.

92.

93.

94.

95.

101

Koyama S, Yamaji T, Takematsu H, Kawano T, Kozutsumi Y, Suzuki A,
Kawasaki T (1996) A naturally occurring 46-amino acid deletion of
cytidine monophospho-N-acetylneuraminic acid hydroxylase leads to a
change in the intracellular distribution of the protein. Glycoconj J
13(3):353-358.

Schlenzka W, Shaw L, Kelm S, Schmidt CL, Bill E, Trautwein AX,
Lottspeich F, Schauer R (1996) CMP-N-acetylneuraminic acid
hydroxylase: the first cytosolic Rieske iron-sulphur protein to be described
in Eukarya. FEBS Lett 385(3):197-200.

Higashi H, Hirabayashi Y, Fukui Y, Naiki M, Matsumoto M, Ueda S,
Kato S (1985) Characterization of N-glycolylneuraminic acid-containing
gangliosides as tumor-associated Hanganutziu-Deicher antigen in human
colon cancer. Cancer Res 45(8):3796—-3802.

Hirabayashi Y, Higashi H, Kato S, Taniguchi M, Matsumoto M (1987)
Occurrence of tumor-associated ganglioside antigens with Hanganutziu-
Deicher antigenic activity on human melanomas. Jpn J Cancer Res
78(6):614-620.

Devine PL, Clark BA, Birrell GW, Layton GT, Ward BG, Alewood PF,
McKenzie IF (1991) The breast tumor-associated epitope defined by
monoclonal antibody 3E1.2 is an O-linked mucin carbohydrate containing
N-glycolylneuraminic acid. Cancer Res 51(21):5826-5836.

Kawai T, Kato A, Higashi H, Kato S, Naiki M (1991) Quantitative
determination of N-glycolylneuraminic acid expression in human
cancerous tissues and avian lymphoma cell lines as a tumor-associated

sialic acid by gas chromatography-mass spectrometry. Cancer Res
51(4):1242—1246.

Marquina G, Waki H, Fernandez LE, Kon K, Carr A, Valiente O, Perez R,
Ando S (1996) Gangliosides expressed in human breast cancer. Cancer
Res 56(22):5165-5171.

Nystedt J, Anderson H, Hirvonen T, Impola U, Jaatinen T, Heiskanen A,
Blomgvist M, Satomaa T, Natunen J, Saarinen J, Lehenkari P, Valmu L,
Laine J (2010) Human CMP-N-acetylneuraminic acid hydroxylase is a
novel stem cell marker linked to stem cell-specific mechanisms. Stem
Cells 28(2):258-267.

Tangvoranuntakul P, Gagneux P, Diaz S, Bardor M, Varki N, Varki A,
Muchmore E (2003) Human uptake and incorporation of an immunogenic



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

102

nonhuman dietary sialic acid. Proc Natl Acad Sci U S A 100(21):12045—
12050.

Inoue S, Sato C, Kitajima K (2010) Extensive enrichment of N-
glycolylneuraminic acid in extracellular sialoglycoproteins abundantly
synthesized and secreted by human cancer cells. Glycobiology 20(6):752—
762.

Samraj AN, Laubli H, Varki N, Varki A (2014) Involvement of a non-
human sialic Acid in human cancer. Front Oncol 4:33.

Pearce OM, Laubli H (2016) Sialic acids in cancer biology and immunity.
Glycobiology 26(2):111-128.

Higashi H, Naiki M, Matuo S, Okouchi K (1977) Antigen of “serum
sickness” type of heterophile antibodies in human sera: indentification as
gangliosides with N-glycolylneuraminic acid. Biochem Biophys Res
Commun 79:388-395.

Merrick JM, Zadarlik K, Milgrom F (1978) Characterization of the
Hanganutziu-Deicher (serum-sickness) antigen as gangliosides containing
n-glycolylneuraminic acid. Int Arch Allergy Appl Immunol 57(5):477-480.

Schauer R (1988) Sialic acids as antigenic determinants of complex
carbohydrates. Adv Exp Med Biol 228:47-72.

Malykh YN, Schauer R, Shaw L (2001) N-Glycolylneuraminic acid in
human tumours. Biochimie 83(7):623—634.

Mwangi DW, Bansal DD (2003) N-glycolylneuraminic acid conjugates:
implications of their absence in mammalian biochemistry. Indian J
Biochem Biophys 40(4):217-225.

Byrne GW, McGregor CG, Breimer ME (2015) Recent investigations into
pig antigen and anti-pig antibody expression. Int J Surg 23(Pt B):223-228.

Salama A, Evanno G, Harb J, Soulillou JP (2015) Potential deleterious
role of anti-Neu5Gce antibodies in xenotransplantation.
Xenotransplantation 22(2):85-94.

Alisson-Silva F, Kawanishi K, Varki A (2016) Human risk of diseases
associated with red meat intake: Analysis of current theories and proposed

role for metabolic incorporation of a non-human sialic acid. Mol Aspects
Med 51:16-30.



107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

103

Hayakawa T, Satta Y, Gagneux P, Varki A, Takahata N (2001) Alu-
mediated inactivation of the human CMP- N-acetylneuraminic acid
hydroxylase gene. Proc Natl Acad Sci U S A 98(20):11399—-11404.

Chou HH, Hayakawa T, Diaz S, Krings M, Indriati E, Leakey M, Paabo S,
Satta Y, Takahata N, Varki A (2002) Inactivation of CMP-N-
acetylneuraminic acid hydroxylase occurred prior to brain expansion
during human evolution. Proc Natl Acad Sci U S A 99(18):11736-11741.
Hayakawa T, Aki I, Varki A, Satta Y, Takahata N (2006) Fixation of the
Human-Specific CMP-N-Acetylneuraminic Acid Hydroxylase
Pseudogene and Implications of Haplotype Diversity for Human
Evolution. Genetics 172(2):1139-1146.

Kapitonov V, Jurka J (1996) The age of Alu subfamilies. J Mol Evol
42(1):59-65.

Schmid CW (1998) Does SINE evolution preclude Alu function. Nucleic
Acids Res 26(20):4541-4550.

Krings M, Stone A, Schmitz RW, Krainitzki H, Stoneking M, Pdibo S
(1997) Neandertal DNA sequences and the origin of modern humans. Ce//
90(1):19-30.

Hoftreiter M, Serre D, Poinar HN, Kuch M, Pédébo S (2001) Ancient DNA.
Nat Rev Genet 2(5):353-359.

Semaw S, Renne P, Harris JW, Feibel CS, Bernor RL, Fessecha N,
Mowbray K (1997) 2.5-million-year-old stone tools from Gona, Ethiopia.
Nature 385(6614):333-336.

O’Connell JF, Hawkes K, Lupo KD, Blurton Jones NG (2002) Male
strategies and Plio-Pleistocene archaeology. J Hum Evol 43(6):831-872.

McPherron SP, Alemseged Z, Marean CW, Wynn JG, Reed D, Geraads D,
Bobe R, Béarat HA (2010) Evidence for stone-tool-assisted consumption
of animal tissues before 3.39 million years ago at Dikika, Ethiopia. Nature
466(7308):857-860.

Bramble DM, Lieberman DE (2004) Endurance running and the evolution
of Homo. Nature 432(7015):345-352.

Lieberman DE (2015) Human locomotion and heat loss: an evolutionary
perspective. Compr Physiol 5(1):99-117.



119.

120.

121.

122.

123.

124.

125.

104

Reich D, Green RE, Kircher M, Krause J, Patterson N, Durand EY, Viola
B, Briggs AW, Stenzel U, Johnson PL, Maricic T, Good JM, Marques-
Bonet T, Alkan C, Fu Q, Mallick S, Li H, Meyer M, Eichler EE,
Stoneking M, Richards M, Talamo S, Shunkov MV, Derevianko AP,
Hublin JJ, Kelso J, Slatkin M, Paabo S (2010) Genetic history of an
archaic hominin group from Denisova Cave in Siberia. Nature
468(7327):1053—-1060.

Green RE, Krause J, Briggs AW, Maricic T, Stenzel U, Kircher M,
Patterson N, Li H, Zhai W, Fritz MH, Hansen NF, Durand EY, Malaspinas
AS, Jensen JD, Marques-Bonet T, Alkan C, Prufer K, Meyer M, Burbano
HA, Good JM, Schultz R, Aximu-Petri A, Butthof A, Hober B, Hoffner B,
Siegemund M, Weihmann A, Nusbaum C, Lander ES, Russ C, Novod N,
Affourtit J, Egholm M, Verna C, Rudan P, Brajkovic D, Kucan Z, Gusic I,
Doronichev VB, Golovanova LV, Lalueza-Fox C, de la Rasilla M, Fortea
J, Rosas A, Schmitz RW, Johnson PL, Eichler EE, Falush D, Birney E,
Mullikin JC, Slatkin M, Nielsen R, Kelso J, Lachmann M, Reich D, Paabo
S (2010) A draft sequence of the Neandertal genome. Science
328(5979):710-722.

Fu Q, Li H, Moorjani P, Jay F, Slepchenko SM, Bondarev AA, Johnson
PL, Aximu-Petri A, Priifer K, de Filippo C, Meyer M, Zwyns N, Salazar-
Garcia DC, Kuzmin YV, Keates SG, Kosintsev PA, Razhev DI, Richards
MP, Peristov NV, Lachmann M, Douka K, Higham TF, Slatkin M, Hublin
JJ, Reich D, Kelso J, Viola TB, Pdidbo S (2014) Genome sequence of a
45,000-year-old modern human from western Siberia. Nature
514(7523):445-449.

Brown F, Harris J, Leakey R, Walker A (1985) Early Homo erectus
skeleton from west Lake Turkana, Kenya. Nature 316(6031):788-792.

Swisher CC, Rink WJ, Anton SC, Schwarcz HP, Curtis GH, Suprijo A,
Widiasmoro (1996) Latest Homo erectus of Java: potential
contemporaneity with Homo sapiens in southeast Asia. Science 274:1870—
1874.

Smith CI, Chamberlain AT, Riley MS, Cooper A, Stringer CB, Collins MJ
(2001) Neanderthal DNA. Not just old but old and cold. Nature
410(6830):771-772.

Haile-Selassie Y (2001) Late Miocene hominids from the Middle Awash,
Ethiopia. Nature 412(6843):178—181.



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

105

Haile-Selassie Y, Suwa G, White TD (2004) Late Miocene teeth from
Middle Awash, Ethiopia, and early hominid dental evolution. Science
303(5663):1503-1505.

White TD, Suwa G, Hart WK, Walter RC, WoldeGabriel G, de Heinzelin
J, Clark JD, Asfaw B, Vrba E (1993) New discoveries of Australopithecus
at Maka in Ethiopia. Nature 366(6452):261-265.

Lieberman DE, Raichlen DA, Pontzer H, Bramble DM, Cutright-Smith E
(2006) The human gluteus maximus and its role in running. J Exp Biol
209(Pt 11):2143-2155.

Barak MM, Lieberman DE, Raichlen D, Pontzer H, Warrener AG, Hublin
JJ (2013) Trabecular evidence for a human-like gait in Australopithecus
africanus. PLoS One 8(11):e77687.

Henneberg M (1998) Evolution of the human brain: is bigger better. Clin
Exp Pharmacol Physiol 25(9):745-749.

Leonard WR, Robertson ML, Snodgrass JJ, Kuzawa CW (2003)
Metabolic correlates of hominid brain evolution. Comp Biochem Physiol A
Mol Integr Physiol 136(1):5-15.

Dominguez-Rodrigo M, Pickering TR, Bunn HT (2010) Configurational
approach to identifying the earliest hominin butchers. Proc Natl Acad Sci
U S A4107(49):20929-20934.

Pilbeam D, Gould SJ (1974) Size and scaling in human evolution. Science
186(4167):892-901.

Gould SJ (1975) Allometry in primates, with emphasis on scaling and the
evolution of the brain. Contrib Primatol 5:244-292.

Holloway RL (1983) Cerebral brain endocast pattern of Australopithecus
afarensis hominid. Nature 303(5916):420-422.

Falk D, Redmond JC, Guyer J, Conroy C, Recheis W, Weber GW, Seidler
H (2000) Early hominid brain evolution: a new look at old endocasts. J
Hum Evol 38(5):695-717.

McHenry HM, Coffing K (2000) Australopithecus to Homo:
Transformations in Body and Mind. Annual Review of Anthropology
29:125-146.

Roth G, Dicke U (2005) Evolution of the brain and intelligence. Trends
Cogn Sci 9(5):250-257.



139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

106

Falk D (2009) The natural endocast of Taung (Australopithecus
africanus): insights from the unpublished papers of Raymond Arthur Dart.
Am J Phys Anthropol 140 Suppl 49:49-65.

Semaw S, Rogers MJ, Quade J, Renne PR, Butler RF, Dominguez-
Rodrigo M, Stout D, Hart WS, Pickering T, Simpson SW (2003) 2.6-
Million-year-old stone tools and associated bones from OGS-6 and OGS-
7, Gona, Afar, Ethiopia. J Hum Evol 45(2):169-177.

McPherron SP, Alemseged Z, Marean C, Wynn JG, Reed D, Geraads D,
Bobe R, Béarat H (2011) Tool-marked bones from before the Oldowan
change the paradigm. Proc Natl Acad Sci U S A 108(21):E116; author
reply E117.

Harmand S, Lewis JE, Feibel CS, Lepre CJ, Prat S, Lenoble A, Boés X,
Quinn RL, Brenet M, Arroyo A, Taylor N, Clément S, Daver G, Brugal
JP, Leakey L, Mortlock RA, Wright JD, Lokorodi S, Kirwa C, Kent DV,
Roche H (2015) 3.3-million-year-old stone tools from Lomekwi 3, West
Turkana, Kenya. Nature 521(7552):310-315.

Hovers E (2015) Archaeology: Tools go back in time. MNature
521(7552):294-295.

Rogers GN, Paulson JC, Daniels RS, Skehel JJ, Wilson TA, Wiley DC
(1983) Single amino acid substitutions in influenza haemagglutinin change
receptor binding specificity. Nature 304(5921):76-78.

Vimr E, Lichtensteiger C (2002) To sialylate, or not to sialylate: that is the
question. Trends Microbiol 10:254-257.

Severi E, Hood DW, Thomas GH (2007) Sialic acid utilization by
bacterial pathogens. Microbiology 153(Pt 9):2817-2822.

Carlin AF, Lewis AL, Varki A, Nizet V (2007) Group B Streptococcal
Capsular Sialic Acids Interact with Siglecs (Immunoglobulin-Like
Lectins) on Human Leukocytes. J Bacteriol 89:1231-1237.

Carlin AF, Uchiyama S, Chang YC, Lewis AL, Nizet V, Varki A (2009)
Molecular mimicry of host sialylated glycans allows a bacterial pathogen
to engage neutrophil Siglec-9 and dampen the innate immune response.
Blood 113(14):3333-3336.



149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

107

Higa HH, Rogers GN, Paulson JC (1985) Influenza virus hemagglutinins
differentiate between receptor determinants bearing N-acetyl-, N-
glycollyl-, and N,O-diacetylneuraminic acids. Virology 144(1):279-282.

von Itzstein M, Thomson R (2009) Anti-influenza drugs: the development
of sialidase inhibitors. Handb Exp Pharmacol (189):111-154.

Matrosovich M, Klenk HD (2003) Natural and synthetic sialic acid-
containing inhibitors of influenza virus receptor binding. Rev Med Virol
13(2):85-97.

Ng PS, Bohm R, Hartley-Tassell LE, Steen JA, Wang H, Lukowski SW,
Hawthorne PL, Trezise AE, Coloe PJ, Grimmond SM, Haselhorst T, von
Itzstein M, Paton AW, Paton JC, Jennings MP (2014) Ferrets exclusively
synthesize NeuSAc and express naturally humanized influenza A virus
receptors. Nat Commun 5:5750.

Cohen M, Zhang XQ, Senaati HP, Chen HW, Varki NM, Schooley RT,
Gagneux P (2013) Influenza A penetrates host mucus by cleaving sialic
acids with neuraminidase. Viro/ J 10:321.

Deng L, Song J, Gao X, Wang J, Yu H, Chen X, Varki N, Naito-Matsui Y,
Galan JE, Varki A (2014) Host adaptation of a bacterial toxin from the
human pathogen Salmonella Typhi. Cell 159(6):1290—-1299.

Orlandi PA, Klotz FW, Haynes JD (1992) A malaria invasion receptor, the
175-kilodalton erythrocyte binding antigen of Plasmodium falciparum
recognizes the terminal NeuSAc(alpha 2-3)Gal- sequences of glycophorin
A. J Cell Biol 116(4):901-909.

Klotz FW, Orlandi PA, Reuter G, Cohen SJ, Haynes JD, Schauer R,
Howard RJ, Palese P, Miller LH (1992) Binding of Plasmodium
falciparum 175-kilodalton erythrocyte binding antigen and invasion of
murine erythrocytes requires N-acetylneuraminic acid but not its O-
acetylated form. Mol Biochem Parasitol 51(1):49-54.

Martin MJ, Rayner JC, Gagneux P, Barnwell JW, Varki A (2005)
Evolution of human-chimpanzee differences in malaria susceptibility:
relationship to human genetic loss of N-glycolylneuraminic acid. Proc
Natl Acad Sci U S A 102(36):12819-12824.

Rich SM, Leendertz FH, Xu G, LeBreton M, Djoko CF, Aminake MN,
Takang EE, Diffo JL, Pike BL, Rosenthal BM, Formenty P, Boesch C,
Ayala FJ, Wolfe ND (2009) The origin of malignant malaria. Proc Natl
Acad Sci U S A 106(35):14902—-14907.



159.

160.

l161.

162.

163.

164.

165.

166.

167.

168.

108

Corfield AP, Veh RW, Wember M, Michalski JC, Schauer R (1981) The
release of N-acetyl- and N-glycolloyl-neuraminic acid from soluble
complex carbohydrates and erythrocytes by bacterial, viral and
mammalian sialidases. Biochem J 197(2):293-299.

Corfield AP, Higa H, Paulson JC, Schauer R (1983) The specificity of
viral and bacterial sialidases for alpha(2-3)- and alpha(2-6)-linked sialic
acids in glycoproteins. Biochim Biophys Acta 744(2):121-126.

Cao H, Li Y, Lau K, Muthana S, Yu H, Cheng J, Chokhawala HA,
Sugiarto G, Zhang L, Chen X (2009) Sialidase substrate specificity studies
using chemoenzymatically synthesized sialosides containing C5-modified
sialic acids. Org Biomol Chem 7(24):5137-5145.

Minami A, Ishibashi S, Ikeda K, Ishitsubo E, Hori T, Tokiwa H, Taguchi
R, Ieno D, Otsubo T, Matsuda Y, Sai S, Inada M, Suzuki T (2013)
Catalytic preference of Salmonella typhimurium LT2 sialidase for N-

acetylneuraminic acid residues over N-glycolylneuraminic acid residues.
FEBS Open Bio 3:231-236.

Kyogashima M, Ginsburg V, Krivan HC (1989) Escherichia coli K99
binds to N-glycolylsialoparagloboside and N-glycolyl-GM3 found in
piglet small intestine. Arch Biochem Biophys 270:391-397.

Willemsen PTJ, de GFK (1993) Multivalent binding of K99 fimbriae to
the N-glycolyl-GM3 ganglioside receptor. Infect Immun 61:4518-4522.

Schwegmann-Wessels C, Herrler G (2006) Sialic acids as receptor
determinants for coronaviruses. Glycoconj J 23(1-2):51-58.

Byres E, Paton AW, Paton JC, Lofling JC, Smith DF, Wilce MC, Talbot
UM, Chong DC, Yu H, Huang S, Chen X, Varki NM, Varki A, Rossjohn
J, Beddoe T (2008) Incorporation of a non-human glycan mediates human
susceptibility to a bacterial toxin. Nature 456(7222):648—652.

Lofling J, Lyt SM, Parrish CR, Varki A (2013) Canine and feline
parvoviruses preferentially recognize the non-human cell surface sialic
acid N-glycolylneuraminic acid. Virology 440:89-96.

Sibley CG, Ahlquist JE (1984) The phylogeny of the hominoid primates,
as indicated by DNA-DNA hybridization. J Mol Evol 20(1):2—15.



169.

170.

171.

172.

173.

174.

175.

176.

177.

109

Escalante AA, Ayala FJ (1994) Phylogeny of the malarial genus
Plasmodium, derived from rRNA gene sequences. Proc Natl Acad Sci U S
A91(24):11373-11377.

Patterson N, Richter DJ, Gnerre S, Lander ES, Reich D (2006) Genetic
evidence for complex speciation of humans and chimpanzees. Nature
441(7097):1103-1108.

Liu W, Li Y, Learn GH, Rudicell RS, Robertson JD, Keele BF, Ndjango
JB, Sanz CM, Morgan DB, Locatelli S, Gonder MK, Kranzusch PJ, Walsh
PD, Delaporte E, Mpoudi-Ngole E, Georgiev AV, Muller MN, Shaw GM,
Peeters M, Sharp PM, Rayner JC, Hahn BH (2010) Origin of the human
malaria  parasite  Plasmodium falciparum 1in  gorillas.  Nature
467(7314):420-425.

Ségurel L, Thompson EE, Flutre T, Lovstad J, Venkat A, Margulis SW,
Moyse J, Ross S, Gamble K, Sella G, Ober C, Przeworski M (2012) The
ABO blood group is a trans-species polymorphism in primates. Proc Natl
Acad Sci U S A 109(45):18493—18498.

Andrews GA, Chavey PS, Smith JE, Rich L (1992) N-glycolylneuraminic
acid and N-acetylneuraminic acid define feline blood group A and B
antigens. Blood 79(9):2485-2491.

Bighignoli B, Niini T, Grahn RA, Pedersen NC, Millon LV, Polli M,
Longeri M, Lyons LA (2007) Cytidine monophospho-N-acetylneuraminic
acid hydroxylase (CMAH) mutations associated with the domestic cat AB
blood group. BMC Genet 8(1):27.

Hashimoto Y, Yamakawa T, Tanabe Y (1984) Further studies on the red
cell glycolipids of various breeds of dogs. A possible assumption about the
origin of Japanese dogs. J Biochem 96(6):1777-1782.

Yasue S, Handa S, Miyagawa S, Inoue J, Hasegawa A, Yamakawa T
(1978) Difference in form of sialic acid in red blood cell glycolipids of
different breeds of dogs. J Biochem 83(4):1101-1107.

Omi T, Nakazawa S, Udagawa C, Tada N, Ochiai K, Chong YH, Kato Y,
Mitsui H, Gin A, Oda H, Azakami D, Tamura K, Sako T, Inagaki T,
Sakamoto A, Tsutsui T, Bonkobara M, Tsuchida S, Ikemoto S (2016)
Molecular Characterization of the Cytidine Monophosphate-N-
Acetylneuraminic Acid Hydroxylase (CMAH) Gene Associated with the
Feline AB Blood Group System. PLoS One 11(10):e0165000.



178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

110

Ghaderi D, Springer SA, Ma F, Cohen M, Secrest P, Taylor RE, Varki A,
Gagneux P (2011) Sexual selection by female immunity against paternal

antigens can fix loss of function alleles. Proc Natl Acad Sci U S A
108(43):17743—-17748.

Ma F, Deng L, Secrest P, Shi L, Zhao J, Gagneux P (2016) A Mouse
Model for Dietary Xenosialitis: antibodies to xenoglycan can reduce
fertility. J Biol Chem 291(35):18222—-18231.

Grimm D (2015) Animal Welfare. New rules may end U.S. chimpanzee
research. Science 349(6250):777.

Taylor RE, Gregg CJ, Padler-Karavani V, Ghaderi D, Yu H, Huang S,
Sorensen RU, Chen X, Inostroza J, Nizet V, Varki A (2010) Novel
mechanism for the generation of human xeno-autoantibodies against the
nonhuman sialic acid N-glycolylneuraminic acid. J Exp Med 207(8):1637—
1646.

Hedlund M, Padler-Karavani V, Varki NM, Varki A (2008) Evidence for a
human-specific mechanism for diet and antibody-mediated inflammation
in carcinoma progression. Proc Natl Acad Sci U S A 105(48):18936—
18941.

Pearce OM, Laubli H, Bui J, Varki A (2014) Hormesis in cancer
immunology: Does the quantity of an immune reactant matter.
Oncoimmunology 3:€29312.

Pearce OM, Laubli H, Verhagen A, Secrest P, Zhang J, Varki NM,
Crocker PR, Bui JD, Varki A (2014) Inverse hormesis of cancer growth

mediated by narrow ranges of tumor-directed antibodies. Proc Natl Acad
Sci US A 111(16):5998-6003.

Padler-Karavani V, Hurtado-Ziola N, Pu M, Yu H, Huang S, Muthana S,
Chokhawala HA, Cao H, Secrest P, Friedmann-Morvinski D, Singer O,
Ghaderi D, Verma IM, Liu YT, Messer K, Chen X, Varki A, Schwab R
(2011) Human xeno-autoantibodies against a non-human sialic acid serve
as novel serum biomarkers and immunotherapeutics in cancer. Cancer Res
71(9):3352-3363.

Ghaderi D, Taylor RE, Padler-Karavani V, Diaz S, Varki A (2010)
Implications of the presence of N-glycolylneuraminic acid in recombinant
therapeutic glycoproteins. Nat Biotechnol 28(8):863—867.

Hedlund M, Tangvoranuntakul P, Takematsu H, Long JM, Housley GD,
Kozutsumi Y, Suzuki A, Wynshaw-Boris A, Ryan AF, Gallo RL, Varki N,
Varki A (2007) N-glycolylneuraminic acid deficiency in mice:



188.

189.

190.

191.

192.

193.

194.

195.

196.

111

implications for human biology and evolution. Mo/ Cell Biol 27(12):4340—
4346.

Kwon DN, Park WJ, Choi YJ, Gurunathan S, Kim JH (2015) Oxidative
stress and ROS metabolism via down-regulation of sirtuin 3 expression in
Cmah-null mice affect hearing loss. Aging (Albany NY) 7(8):579-594.

Naito Y, Takematsu H, Koyama S, Miyake S, Yamamoto H, Fujinawa R,
Sugai M, Okuno Y, Tsujimoto G, Yamaji T, Hashimoto Y, Itohara S,
Kawasaki T, Suzuki A, Kozutsumi Y (2007) Germinal center marker GL7
probes activation-dependent repression of N-glycolylneuraminic acid, a
sialic acid species involved in the negative modulation of B-cell
activation. Mol Cell Biol 27(8):3008-3022.

Buchlis G, Odorizzi P, Soto PC, Pearce OM, Hui DJ, Jordan MS, Varki A,
Wherry EJ, High KA (2013) Enhanced T cell function in a mouse model
of human glycosylation. J Immunol 191(1):228-237.

Okerblom JJ, Schwarz F, Olson J, Fletes W, Ali SR, Martin PT, Glass CK,
Nizet V, Varki A (2017) Loss of CMAH during Human Evolution Primed
the Monocyte-Macrophage Lineage toward a More Inflammatory and
Phagocytic State. J Immunol 198(6):2366—2373.

Kavaler S, Morinaga H, Jih A, Fan W, Hedlund M, Varki A, Kim JJ
(2011) Pancreatic beta-cell failure in obese mice with human-like CMP-
Neu5Ac hydroxylase deficiency. FASEB J 25(6):1887—1893.

Kwon DN, Choi YJ, Cho SG, Park C, Seo HG, Song H, Kim JH (2015)
CMP-Neu5Ac Hydroxylase Null Mice as a Model for Studying Metabolic
Disorders Caused by the Evolutionary Loss of Neu5Gc in Humans.
Biomed Res Int 2015:830315.

Kwon DN, Chang BS, Kim JH (2014) MicroRNA dysregulation in liver
and pancreas of CMP-Neu5Ac hydroxylase null mice disrupts
insulin/PI3K-AKT signaling. Biomed Res Int 2014:236385.

Chandrasekharan K, Yoon JH, Xu Y, deVries S, Camboni M, Janssen PM,
Varki A, Martin PT (2010) A human-specific deletion in mouse Cmah
increases disease severity in the mdx model of Duchenne muscular
dystrophy. Sci Transl Med 2(42):42ra54.

Martin PT, Camboni M, Xu R, Golden B, Chandrasekharan K, Wang CM,
Varki A, Janssen PM (2013) N-Glycolylneuraminic acid deficiency
worsens cardiac and skeletal muscle pathophysiology in a -sarcoglycan-
deficient mice. Glycobiology 28:833—843.



197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

112

Martin PT, Golden B, Okerblom J, Camboni M, Chandrasekharan K, Xu
R, Varki A, Flanigan KM, Kornegay JN (2014) A comparative study of N-
glycolylneuraminic acid (Neu5Gc) and cytotoxic T cell (CT) carbohydrate
expression in normal and dystrophin-deficient dog and human skeletal
muscle. PLoS One 9(2):88226.

Pham T, Gregg CJ, Karp F, Chow R, Padler-Karavani V, Cao H, Chen X,
Witztum JL, Varki NM, Varki A (2009) Evidence for a novel human-
specific xeno-auto-antibody response against vascular endothelium. Blood
114(25):5225-5235.

Pettinati I, Brem J, Lee SY, McHugh PJ, Schofield CJ (2016) The
Chemical Biology of Human Metallo-pf-Lactamase Fold Proteins. Trends
Biochem Sci 41(4):338-355.

Bardor M, Nguyen DH, Diaz S, Varki A (2005) Mechanism of uptake and
incorporation of the non-human sialic acid N-glycolylneuraminic acid into
human cells. J Biol Chem 280:4228-4237.

Yin J, Hashimoto A, Izawa M, Miyazaki K, Chen GY, Takematsu H,
Kozutsumi Y, Suzuki A, Furuhata K, Cheng FL, Lin CH, Sato C, Kitajima
K, Kannagi R (2006) Hypoxic culture induces expression of sialin, a sialic
acid transporter, and cancer-associated gangliosides containing non-
human sialic acid on human cancer cells. Cancer Res 66(6):2937-2945.

Sarkar AK, Fritz TA, Taylor WH, Esko JD (1995) Disaccharide uptake
and priming in animal cells: Inhibition of sialyl Lewis X by acetylated
Gal 1-->4GIcNAc_-O-naphthalenemethanol. Proc Natl Acad Sci USA
92:3323-3327.

Seyrantepe V, Poupetova H, Froissart R, Zabot MT, Maire I, Pshezhetsky
AV (2003) Molecular pathology of NEU1 gene in sialidosis. Hum Mutat
22(5):343-352.

Fanzani A, Zanola A, Faggi F, Papini N, Venerando B, Tettamanti G,
Sampaolesi M, Monti E (2012) Implications for the mammalian sialidases
in the physiopathology of skeletal muscle. Skelet Muscle 2(1):23.

Comelli EM, Amado M, Lustig SR, Paulson JC (2003) Identification and
expression of Neu4, a novel murine sialidase. Gene 321:155-161.

Monti E, Bonten E, D’Azzo A, Bresciani R, Venerando B, Borsani G,
Schauer R, Tettamanti G (2010) Sialidases in vertebrates a family of



207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

113

enzymes tailored for several cell functions. Adv Carbohydr Chem Biochem
64:403-479.

Miyagi T, Yamaguchi K (2012) Mammalian sialidases: Physiological and
pathological roles in cellular functions. Glycobiology 22(7):880-896.

Monti E, Miyagi T (2015) Structure and Function of Mammalian
Sialidases. Top Curr Chem 366:183-208.

Ferwerda W, Blok CM, Heijlman J (1981) Turnover of free sialic acid,
CMP-sialic acid, and bound sialic acid in rat brain. J Neurochem
36(4):1492-1499.

Gurd JW, Evans WH (1973) Relative rates of degradation of mouse-liver
surface-membrane proteins. Eur J Biochem 36(1):273-279.

Margolis RK, Margolis RU (1973) The turnover of hexosamine and sialic
acid in glycoproteins and mucopolysaccharides of brain. Biochim Biophys
Acta 304(2):413-420.

Ledeen RW, Skrivanek JA, Tirri L], Margolis RK, Margolis RU (1976)
Gangliosides of the neuron: localization and origin. Adv Exp Med Biol
71:83-103.

Bergfeld AK, Pearce OM, Diaz SL, Pham T, Varki A (2012) Metabolism
of vertebrate amino sugars with N-glycolyl groups: elucidating the
intracellular fate of the non-human sialic acid N-glycolylneuraminic acid.
J Biol Chem 287(34):28865-28881.

Bergfeld AK, Pearce OM, Diaz SL, Lawrence R, Vocadlo DJ, Choudhury
B, Esko JD, Varki A (2012) Metabolism of vertebrate amino sugars with
N-glycolyl groups: incorporation of N-glycolylhexosamines into
mammalian glycans by feeding N-glycolylgalactosamine. J Biol Chem
287(34):28898-28916.

Schug ZT, Vande Voorde J, Gottlieb E (2016) The metabolic fate of
acetate in cancer. Nat Rev Cancer 16(11):708-717.

Holmes RP, Sexton WJ, Applewhite JC, Kennedy M, Assimos DG (1999)
Glycolate metabolism by Hep G2 cells. J Am Soc Nephrol 10 Suppl
14:S345-7.

Izumida Y, Seiyama A, Maeda N (1991) Erythrocyte aggregation:
bridging by macromolecules and electrostatic repulsion by sialic acid.
Biochim Biophys Acta 1067(2):221-226.



218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

114

Shimamura M, Shibuya N, Ito M, Yamagata T (1994) Repulsive
contribution of surface sialic acid residues to cell adhesion to substratum.
Biochem Mol Biol Int 33(5):871-878.

Bakhti M, Snaidero N, Schneider D, Aggarwal S, Mobius W, Janshoff A,
Eckhardt M, Nave KA, Simons M (2013) Loss of electrostatic cell-surface
repulsion mediates myelin membrane adhesion and compaction in the
central nervous system. Proc Natl Acad Sci U S A 110(8):3143-3148.

Yang P, Major D, Rutishauser U (1994) Role of charge and hydration in
effects of polysialic acid on molecular interactions on and between cell
membranes. J Biol Chem 269(37):23039-23044.

Rutishauser U (2008) Polysialic acid in the plasticity of the developing
and adult vertebrate nervous system. Nat Rev Neurosci 9(1):26-35.

Gorog P, Pearson JD (1985) Sialic acid moieties on surface glycoproteins
protect endothelial cells from proteolytic damage. J Pathol 146(3):205—
212.

Hane M, Matsuoka S, Ono S, Miyata S, Kitajima K, Sato C (2015)
Protective effects of polysialic acid on proteolytic cleavage of FGF2 and
proBDNF/BDNF. Glycobiology 25(10):1112—-1124.

Collins BE, Paulson JC (2004) Cell surface biology mediated by low
affinity multivalent protein-glycan interactions. Curr Opin Chem Biol
8(6):617-625.

Seyrantepe V, lannello A, Liang F, Kanshin E, Jayanth P, Samarani S,
Szewczuk MR, Ahmad A, Pshezhetsky AV (2010) Regulation of
phagocytosis in macrophages by neuraminidase 1. J Biol Chem
285(1):206-215.

Varki A, Gagneux P (2012) Multifarious roles of sialic acids in immunity.
Ann N Y Acad Sci 1253:16-36.

Cabral MG, Silva Z, Ligeiro D, Seixas E, Crespo H, Carrascal MA, Silva
M, Piteira AR, Paixao P, Lau JT, Videira PA (2013) The phagocytic
capacity and immunological potency of human dendritic cells is improved
by alpha2,6-sialic acid deficiency. Immunology 138(3):235-245.

Cohen M, Varki A (2014) Modulation of glycan recognition by clustered
saccharide patches. Int Rev Cell Mol Biol 308:75-125.



229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

115

Bochner BS (2016) Siglecting the allergic response for therapeutic
targeting. Glycobiology 26(6):546—552.

Schnaar RL (2016) Glycobiology simplified: diverse roles of glycan
recognition in inflammation. J Leukoc Biol 99(6):825-838.

Musielak M (2004) Are there two functionally distinguished Neu5Gce
pools with respect to rouleau formation on the bovine red blood cell? Clin
Hemorheol Microcirc 30(3-4):435-438.

Mercado CP, Quintero MV, L1 Y, Singh P, Byrd AK, Talabnin K, Ishihara
M, Azadi P, Rusch NJ, Kuberan B, Maroteaux L, Kilic F (2013) A
serotonin-induced N-glycan switch regulates platelet aggregation. Sci Rep
3:2795.

Cohen M, Varki A (2010) The sialome--far more than the sum of its parts.
OMICS 14(4):455-464.

Dahan A, Beig A, Lindley D, Miller JM (2016) The solubility-
permeability interplay and oral drug formulation design: Two heads are
better than one. Adv Drug Deliv Rev 101:99-107.

Ghosh B, Reddy LH, Kulkarni RV, Khanam J (2000) Comparison of skin
permeability of drugs in mice and human cadaver skin. Indian J Exp Biol
38(1):42-45.

Musther H, Olivares-Morales A, Hatley OJ, Liu B, Rostami Hodjegan A
(2014) Animal versus human oral drug bioavailability: do they correlate.
Eur J Pharm Sci 57:280-291.

Wagner PD (2015) The physiological basis of pulmonary gas exchange:
implications for clinical interpretation of arterial blood gases. Eur Respir J
45(1):227-243.

Ray S, Kassan A, Busija AR, Rangamani P, Patel HH (2016) The plasma
membrane as a capacitor for energy and metabolism. Am J Physiol Cell
Physiol 310(3):C181-92.

Crocker PR, Werb Z, Gordon S, Bainton DF (1990) Ultrastructural
localization of a macrophage-restricted sialic acid binding hemagglutinin,
SER, in macrophage-hematopoietic cell clusters. Blood 76(6):1131-1138.

Crocker PR, Varki A (2001) Siglecs, sialic acids and innate immunity.
Trends Immunol 22(6):337-342.



241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

116

Crocker PR, Varki A (2001) Siglecs in the immune system. Immunology
103(2):137-145.

Crocker PR, Paulson JC, Varki A (2007) Siglecs and their roles in the
immune system. Nat Rev Immunol 7(4):255-266.

Varki A (2011) Since there are PAMPs and DAMPs, there must be
SAMPs? Glycan “self-associated molecular patterns” dampen innate
immunity, but pathogens can mimic them. Glycobiology 21(9):1121-1124.

Carlin AF, Chang YC, Areschoug T, Lindahl G, Hurtado-Ziola N, King
CC, Varki A, Nizet V (2009) Group B Streptococcus suppression of

phagocyte functions by protein-mediated engagement of human Siglec-5.
J Exp Med 206(8):1691-1699.

Khatua B, Ghoshal A, Bhattacharya K, Mandal C, Saha B, Crocker PR,
Mandal C (2010) Sialic acids acquired by Pseudomonas aeruginosa are
involved in reduced complement deposition and siglec mediated host-cell
recognition. FEBS Lett 584(3):555-561.

Khatua B, Roy S, Mandal C (2013) Sialic acids siglec interaction: A
unique strategy to circumvent innate immune response by pathogens.
Indian J Med Res 138(5):648—662.

Angata T, Margulies EH, Green ED, Varki A (2004) Large-scale
sequencing of the CD33-related Siglec gene cluster in five mammalian

species reveals rapid evolution by multiple mechanisms. Proc Natl Acad
Sci US A 101(36):13251-13256.

Padler-Karavani V, Hurtado-Ziola N, Chang YC, Sonnenburg JL,
Ronaghy A, Yu H, Verhagen A, Nizet V, Chen X, Varki N, Varki A,
Angata T (2014) Rapid evolution of binding specificities and expression
patterns of inhibitory CD33-related Siglecs in primates. FASEB J
28(3):1280-1293.

von Gunten S, Bochner BS (2008) Basic and clinical immunology of
Siglecs. Ann N Y Acad Sci 1143:61-82.

Schwarz F, Fong JJ, Varki A (2015) Human-specific evolutionary changes
in the biology of siglecs. Adv Exp Med Biol 842:1-16.

Brinkman-Van der Linden EC, Sjoberg ER, Juneja LR, Crocker PR, Varki
N, Varki A (2000) Loss of N-glycolylneuraminic acid in human evolution.
Implications for sialic acid recognition by siglecs. J Biol Chem
275(12):8633-8640.



252.

253.

254.

255.

256.

257.

258.

259.

260.

117

Kelm S, Schauer R, Manuguerra JC, Gross HJ, Crocker PR (1994)
Modifications of cell surface sialic acids modulate cell adhesion mediated
by sialoadhesin and CD22. Glycoconj J 11(6):576-585.

Hartnell A, Steel J, Turley H, Jones M, Jackson DG, Crocker PR (2001)
Characterization of human sialoadhesin, a sialic acid binding receptor
expressed by resident and inflammatory macrophage populations. Blood
97:288-296.

Collins BE, Yang LJ, Mukhopadhyay G, Filbin MT, Kiso M, Hasegawa
A, Schnaar RL (1997) Sialic acid specificity of myelin-associated
glycoprotein binding. J Biol Chem 272(2):1248—1255.

Kelm S, Brossmer R, Isecke R, Gross HJ, Strenge K, Schauer R (1998)
Functional groups of sialic acids involved in binding to siglecs
(sialoadhesins) deduced from interactions with synthetic analogues. Eur J
Biochem 255(3):663—672.

Collins BE, Fralich TJ, Itonori S, Ichikawa Y, Schnaar RL (2000)
Conversion of cellular sialic acid expression from N-acetyl- to N-
glycolylneuraminic  acid using a  synthetic  precursor, N-
glycolylmannosamine pentaacetate: inhibition of myelin-associated
glycoprotein binding to neural cells. Glycobiology 10(1):11-20.

Aruffo A, Kanner SB, Sgroi D, Ledbetter JA, Stamenkovic I (1992)
CD22-mediated stimulation of T cells regulates T-cell receptor/CD3-
induced signaling. Proc Natl Acad Sci U S A 89(21):10242—-10246.

Lajaunias F, Ida A, Kikuchi S, Fossati-Jimack L, Martinez-Soria E, Moll
T, Law CL, Izui S (2003) Differential control of CD22 ligand expression
on B and T lymphocytes, and enhanced expression in murine systemic
lupus. Arthritis Rheum 48(6):1612—1621.

Sathish JG, Walters J, Luo JC, Johnson KG, Leroy FG, Brennan P, Kim
KP, Gygi SP, Neel BG, Matthews RJ (2004) CD22 is a functional ligand
for SH2 domain-containing protein-tyrosine phosphatase-1 in primary T
cells. J Biol Chem 279(46):47783-47791.

Cariappa A, Takematsu H, Liu H, Diaz S, Haider K, Boboila C, Kalloo G,
Connole M, Shi HN, Varki N, Varki A, Pillai S (2009) B cell antigen
receptor signal strength and peripheral B cell development are regulated
by a 9-O-acetyl sialic acid esterase. J Exp Med 206(1):125—138.



261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

118

Cremer H, Lange R, Christoph A, Plomann M, Vopper G, Roes J, Brown
R, Baldwin S, Kraemer P, Scheff S (1994) Inactivation of the N-CAM
gene in mice results in size reduction of the olfactory bulb and deficits in
spatial learning. Nature 367(6462):455-459.

Rutishauser U (1998) Polysialic acid at the cell surface: biophysics in
service of cell interactions and tissue plasticity. J Cell Biochem 70(3):304—
312.

Di Cristo G, Chattopadhyaya B, Kuhlman SJ, Fu Y, Bélanger MC, Wu
CZ, Rutishauser U, Maffei L, Huang ZJ (2007) Activity-dependent PSA
expression regulates inhibitory maturation and onset of critical period
plasticity. Nat Neurosci 10(12):1569—-1577.

Hildebrandt H, Muhlenhoff M, Oltmann-Norden I, Rockle I, Burkhardt H,
Weinhold B, Gerardy-Schahn R (2009) Imbalance of neural cell adhesion
molecule and polysialyltransferase alleles causes defective brain
connectivity. Brain 132(Pt 10):2831-2838.

Muhlenhoff M, Rollenhagen M, Werneburg S, Gerardy-Schahn R,
Hildebrandt H (2013) Polysialic Acid: Versatile Modification of NCAM,
SynCAM 1 and Neuropilin-2. Neurochem Res 38(6):1134—1143.

Tsuchiya A, Lu WY, Weinhold B, Boulter L, Stutchfield BM, Williams
MJ, Guest RV, Minnis-Lyons SE, MacKinnon AC, Schwarzer D, Ichida
T, Nomoto M, Aoyagi Y, Gerardy-Schahn R, Forbes SJ (2014) Polysialic
acid/neural cell adhesion molecule modulates the formation of ductular
reactions in liver injury. Hepatology 60(5):1727-1740.

Sumida M, Hane M, Yabe U, Shimoda Y, Pearce OM, Kiso M, Miyagi T,
Sawada M, Varki A, Kitajima K, Sato C (2015) Rapid Trimming of Cell
Surface Polysialic Acid (PolySia) by Exovesicular Sialidase Triggers
Release of Preexisting Surface Neurotrophin. J Biol Chem
290(21):13202-13214.

Sajo M, Sugiyama H, Yamamoto H, Tanii T, Matsuki N, Ikegaya Y,
Koyama R (2016) Neuraminidase-Dependent Degradation of Polysialic
Acid Is Required for the Lamination of Newly Generated Neurons. PLoS
One 11(1):e0146398.

Davies LR, Varki A (2015) Why Is N-Glycolylneuraminic Acid Rare in
the Vertebrate Brain. Top Curr Chem 366:31-54.

Davies LR, Pearce OM, Tessier MB, Assar S, Smutova V, Pajunen M,
Sumida M, Sato C, Kitajima K, Finne J, Gagneux P, Pshezhetsky A,



271.

272.

273.

274.

275.

276.

277.

278.

119

Woods R, Varki A (2012) Metabolism of vertebrate amino sugars with N-
glycolyl groups: resistance of a2-8-linked N-glycolylneuraminic acid to
enzymatic cleavage. J Biol Chem 287(34):28917-28931.

Naito-Matsui Y, Davies LR, Takematsu H, Chou HH, Tangvoranuntakul
P, Carlin AF, Verhagen A, Heyser CJ, Yoo SW, Choudhury B, Paton JC,
Paton AW, Varki NM, Schnaar RL, Varki A (2017) Physiological
Exploration of the Long Term Evolutionary Selection against Expression
of N-Glycolylneuraminic Acid in the Brain. J Biol Chem 292(7):2557—-
2570.

Iwasaki M, Inoue S, Troy FA (1990) A new sialic acid analogue, 9-O-
acetyl-deaminated neuraminic acid, and alpha -2,8-linked O-acetylated
poly(N-glycolylneuraminyl) chains in a novel polysialoglycoprotein from
salmon eggs. J Biol Chem 265(5):2596-2602.

Sato C, Kitajima K, Tazawa I, Inoue Y, Inoue S, Troy FA (1993)
Structural diversity in the alpha 2-->8-linked polysialic acid chains in
salmonid fish egg glycoproteins. Occurrence of poly(NeuSAc),
poly(Neu5Gc), poly(NeuSAc, Neu5Gce), poly(KDN), and their partially
acetylated forms. J Biol Chem 268(31):23675-23684.

Kitazume S, Kitajima K, Inoue S, Troy FA, Lennarz WJ, Inoue Y (1994)
Differential reactivity of two types of N-glycolyneuraminic acid dimers
toward enzymatic and nonenzymatic hydrolysis of their interketosidic
linkages. Biochem Biophys Res Commun 205(1):893—-898.

Amith SR, Jayanth P, Franchuk S, Finlay T, Seyrantepe V, Beyaert R,
Pshezhetsky AV, Szewczuk MR (2010) Neul desialylation of sialyl alpha-
2,3-linked beta-galactosyl residues of TOLL-like receptor 4 is essential for
receptor activation and cellular signaling. Cell Signal 22(2):314-324.

Pshezhetsky AV, Hinek A (2011) Where catabolism meets signalling:
neuraminidase 1 as a modulator of cell receptors. Glycoconj J 28(7):441—
452.

Abdulkhalek S, Amith SR, Franchuk SL, Jayanth P, Guo M, Finlay T,
Gilmour A, Guzzo C, Gee K, Beyaert R, Szewczuk MR (2011) Neul
sialidase and matrix metalloproteinase-9 cross-talk is essential for Toll-
like receptor activation and cellular signaling. J Biol Chem
286(42):36532-36549.

Pshezhetsky AV, Ashmarina LI (2013) Desialylation of surface receptors
as a new dimension in cell signaling. Biochemistry (Mosc) 78(7):736-745.



279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

120

Dridi L, Seyrantepe V, Fougerat A, Pan X, Bonneil E, Thibault P, Moreau
A, Mitchell GA, Heveker N, Cairo CW, Issad T, Hinek A, Pshezhetsky
AV (2013) Positive regulation of insulin signaling by neuraminidase 1.
Diabetes 62(7):2338-2346.

Vlasak R, Luytjes W, Spaan W, Palese P (1988) Human and bovine
coronaviruses recognize sialic acid-containing receptors similar to those of
influenza C viruses. Proc Natl Acad Sci U S A 85(12):4526-4529.

Ghoshal A, Mukhopadhyay S, Saha B, Mandal C (2009) 9-O-acetylated
sialoglycoproteins are important immunomodulators in Indian visceral
leishmaniasis. Clin Vaccine Immunol 16(6):889—898.

Altheide TK, Hayakawa T, Mikkelsen TS, Diaz S, Varki N, Varki A
(2006) System-wide genomic and biochemical comparisons of sialic acid
biology among primates and rodents: Evidence for two modes of rapid
evolution. J Biol Chem 281(35):25689-25702.

Sjoberg ER, Powell LD, Klein A, Varki A (1994) Natural ligands of the B
cell adhesion molecule CD22 beta can be masked by 9-O-acetylation of
sialic acids. J Cell Biol 126(2):549-562.

Surolia I, Pirnie SP, Chellappa V, Taylor KN, Cariappa A, Moya J, Liu H,
Bell DW, Driscoll DR, Diederichs S, Haider K, Netravali I, Le S, Elia R,
Dow E, Lee A, Freudenberg J, De Jager PL, Chretien Y, Varki A,
MacDonald ME, Gillis T, Behrens TW, Bloch D, Collier D, Korzenik J,
Podolsky DK, Hafler D, Murali M, Sands B, Stone JH, Gregersen PK,
Pillai S (2010) Functionally defective germline variants of sialic acid
acetylesterase in autoimmunity. Nature 466(7303):243-247.

Baumann AM, Bakkers MJ, Buettner FF, Hartmann M, Grove M,
Langereis MA, de Groot RJ, Miihlenhoff M (2015) 9-O-Acetylation of
sialic acids is catalysed by CASDI via a covalent acetyl-enzyme
intermediate. Nat Commun 6:7673.

Da Silva Correia J, Ulevitch RJ (2002) MD-2 and TLR4 N-linked
glycosylations are important for a functional lipopolysaccharide receptor.
J Biol Chem 277(3):1845-1854.

Marth JD, Grewal PK (2008) Mammalian glycosylation in immunity. Nat
Rev Immunol 8(11):874-887.

Nan X, Carubelli I, Stamatos NM (2007) Sialidase expression in activated
human T lymphocytes influences production of IFN-{gamma}. J Leukoc
Biol 81(1):284-296.



289.

290.

291.

292.

293.

294.

295.

296.

121

Kimura N, Ohmori K, Miyazaki K, Izawa M, Matsuzaki Y, Yasuda Y,
Takematsu H, Kozutsumi Y, Moriyama A, Kannagi R (2007) Human B-
lymphocytes express alpha2-6-sialylated 6-sulfo-N-acetyllactosamine
serving as a preferred ligand for CD22/Siglec-2. J Biol Chem
282(44):32200-32207.

Amith SR, Jayanth P, Franchuk S, Siddiqui S, Seyrantepe V, Gee K, Basta
S, Beyaert R, Pshezhetsky AV, Szewczuk MR (2009) Dependence of
pathogen molecule-induced toll-like receptor activation and cell function
on Neul sialidase. Glycoconj J 26(9):1197-1212.

Kondo Y, Tokuda N, Fan X, Yamashita T, Honke K, Takematsu H,
Takematsu H, Togayachi A, Ohta M, Kotzusumi Y, Narimatsu H, Tajima
O, Furukawa K, Furukaw K, Furukawa K (2009) Glycosphingolipids are
not pivotal receptors for Subtilase cytotoxin in vivo: sensitivity analysis

with glycosylation-defective mutant mice. Biochem Biophys Res Commun
378(2):179-181.

Tahara H, Ide K, Basnet NB, Tanaka Y, Matsuda H, Takematsu H,
Kozutsumi Y, Ohdan H (2010) Immunological property of antibodies
against N-glycolylneuraminic acid epitopes in cytidine monophospho-N-
acetylneuraminic  acid hydroxylase-deficient mice. J Immunol
184(6):3269-3275.

Nawar HF, Berenson CS, Hajishengallis G, Takematsu H, Mandell L,
Clare RL, Connell TD (2010) Binding to gangliosides containing N-
acetylneuraminic acid is sufficient to mediate the immunomodulatory
properties of the nontoxic mucosal adjuvant LT-IIb(T131). Clin Vaccine
Immunol 17(6):969-978.

Amith SR, Jayanth P, Finlay T, Franchuk S, Gilmour A, Abdulkhalek S,
Szewczuk MR (2010) Detection of Neul sialidase activity in regulating
Toll-like receptor activation. J Vis Exp (43)

Arabkhari M, Bunda S, Wang Y, Wang A, Pshezhetsky AV, Hinek A
(2010) Desialylation of insulin receptors and IGF-1 receptors by
neuraminidase-1 controls the net proliferative response of L6 myoblasts to
insulin. Glycobiology 20(5):603—616.

Soto PC, Stein LL, Hurtado-Ziola N, Hedrick SM, Varki A (2010)
Relative over-reactivity of human versus chimpanzee lymphocytes:
implications for the human diseases associated with immune activation. J
Immunol 184(8):4185-4195.



297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

122

Feng C, Stamatos NM, Dragan Al, Medvedev A, Whitford M, Zhang L,
Song C, Rallabhandi P, Cole L, Nhu QM, Vogel SN, Geddes CD, Cross
AS (2012) Sialyl residues modulate LPS-mediated signaling through the
Toll-like receptor 4 complex. PLoS One 7(4):€32359.

Chen GY, Brown NK, Wu W, Khedri Z, Yu H, Chen X, van de Vlekkert
D, D’Azzo A, Zheng P, Liu Y (2014) Broad and direct interaction
between TLR and Siglec families of pattern recognition receptors and its
regulation by Neul. Elife 3:¢04066.

Naito-Matsui Y, Takada S, Kano Y, Iyoda T, Sugai M, Shimizu A, Inaba
K, Nitschke L, Tsubata T, Oka S, Kozutsumi Y, Takematsu H (2014)
Functional evaluation of activation-dependent alterations in the
sialoglycan composition of T cells. J Biol Chem 289(3):1564—1579.

Neves JC, Rizzato VR, Fappi A, Garcia MM, Chadi G, van de Vlekkert D,
d’Azzo A, Zanoteli E (2015) Neuraminidase-1 mediates skeletal muscle
regeneration. Biochim Biophys Acta 1852(9):1755-1764.

Nguyen DH, Hurtado-Ziola N, Gagneux P, Varki A (2006) Loss of Siglec
expression on T lymphocytes during human evolution. Proc Natl Acad Sci
U S 4103(20):7765-7770.

Jellusova J, Nitschke L (2011) Regulation of B cell functions by the sialic
acid-binding receptors siglec-G and CD22. Front Immunol 2:96.

Muller J, Nitschke L (2014) The role of CD22 and Siglec-G in B-cell
tolerance and autoimmune disease. Nat Rev Rheumatol 10(7):422—-428.

Mahajan VS, Pillai S (2016) Sialic acids and autoimmune disease.
Immunol Rev 269(1):145-161.

van Deventer SJ, Biiller HR, ten Cate JW, Aarden LA, Hack CE, Sturk A
(1990) Experimental endotoxemia in humans: analysis of cytokine release

and coagulation, fibrinolytic, and complement pathways. Blood
76(12):2520-2526.

Redl H, Bahrami S, Schlag G, Traber DL (1993) Clinical detection of LPS
and animal models of endotoxemia. Immunobiology 187(3-5):330-345.

van der Poll T, Levi M, van Deventer SJ, ten Cate H, Haagmans BL,
Biemond BJ, Buller HR, Hack CE, ten Cate JW (1994) Differential effects
of anti-tumor necrosis factor monoclonal antibodies on systemic
inflammatory responses in experimental endotoxemia in chimpanzees.
Blood 83(2):446-451.



308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

123

Barreiro LB, Marioni JC, Blekhman R, Stephens M, Gilad Y (2010)
Functional comparison of innate immune signaling pathways in primates.
PLoS Genet 6(12):¢1001249.

Brinkworth JF, Pechenkina EA, Silver J, Goyert SM (2012) Innate
immune responses to TLR2 and TLR4 agonists differ between baboons,
chimpanzees and humans. J Med Primatol

Jones SM (1974) Spontaneous diabetes in monkeys. Lab Anim 8(2):161—
166.

Mordes JP, Rossini AA (1981) Animal models of diabetes. Am J Med
70(2):353-360.

Butler AE, Janson J, Bonner-Weir S, Ritzel R, Rizza RA, Butler PC
(2003) Beta-cell deficit and increased beta-cell apoptosis in humans with
type 2 diabetes. Diabetes 52(1):102-110.

Kim A, Miller K, Jo J, Kilimnik G, Wojcik P, Hara M (2009) Islet
architecture: A comparative study. Islets 1(2):129-136.

Cabrera O, Berman DM, Kenyon NS, Ricordi C, Berggren PO, Caicedo A
(2006) The unique cytoarchitecture of human pancreatic islets has

implications for islet cell function. Proc Natl Acad Sci U S A
103(7):2334-23309.

Steiner DJ, Kim A, Miller K, Hara M (2010) Pancreatic islet plasticity:
interspecies comparison of islet architecture and composition. Islets
2(3):135-145.

Savage DC (1977) Microbial ecology of the gastrointestinal tract. Annu
Rev Microbiol 31:107—-133.

Sender R, Fuchs S, Milo R (2016) Revised Estimates for the Number of
Human and Bacteria Cells in the Body. PLoS Biol 14(8):e1002533.

Olszak T, An D, Zeissig S, Vera MP, Richter J, Franke A, Glickman JN,
Siebert R, Baron RM, Kasper DL, Blumberg RS (2012) Microbial
exposure during early life has persistent effects on natural killer T cell
function. Science 336(6080):489—493.

Jayasinghe TN, Chiavaroli V, Holland DJ, Cutfield WS, O’Sullivan JM
(2016) The New Era of Treatment for Obesity and Metabolic Disorders:



320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

124

Evidence and Expectations for Gut Microbiome Transplantation. Front
Cell Infect Microbiol 6:15.

Sampson TR, Debelius JW, Thron T, Janssen S, Shastri GG, Ilhan ZE,
Challis C, Schretter CE, Rocha S, Gradinaru V, Chesselet MF,
Keshavarzian A, Shannon KM, Krajmalnik-Brown R, Wittung-Stafshede
P, Knight R, Mazmanian SK (2016) Gut Microbiota Regulate Motor
Deficits and Neuroinflammation in a Model of Parkinson’s Disease. Cell
167(6):1469-1480.e12.

Sharon G, Sampson TR, Geschwind DH, Mazmanian SK (2016) The
Central Nervous System and the Gut Microbiome. Cell 167(4):915-932.

Lozupone CA, Stombaugh JI, Gordon JI, Jansson JK, Knight R (2012)
Diversity, stability and resilience of the human gut microbiota. Nature
489(7415):220-230.

Zackular JP, Baxter NT, Iverson KD, Sadler WD, Petrosino JF, Chen GY,
Schloss PD (2013) The gut microbiome modulates colon tumorigenesis.
MBio 4(6):¢00692—13.

Sonnenburg JL, Xu J, Leip DD, Chen CH, Westover BP, Weatherford J,
Buhler JD, Gordon JI (2005) Glycan foraging in vivo by an intestine-
adapted bacterial symbiont. Science 307(5717):1955-1959.

Tailford LE, Crost EH, Kavanaugh D, Juge N (2015) Mucin glycan
foraging in the human gut microbiome. Front Genet 6:81.

McDonald ND, Lubin JB, Chowdhury N, Boyd EF (2016) Host-Derived
Sialic Acids Are an Important Nutrient Source Required for Optimal
Bacterial Fitness In Vivo. MBio 7(2):e02237-15.

Juge N, Tailford L, Owen CD (2016) Sialidases from gut bacteria: a mini-
review. Biochem Soc Trans 44(1):166—175.

Ng KM, Ferreyra JA, Higginbottom SK, Lynch JB, Kashyap PC,
Gopinath S, Naidu N, Choudhury B, Weimer BC, Monack DM,
Sonnenburg JL (2013) Microbiota-liberated host sugars facilitate post-
antibiotic expansion of enteric pathogens. Nature 502(7469):96—99.

Varki NM, Varki A (2015) On the apparent rarity of epithelial cancers in
captive chimpanzees. Philos Trans R Soc Lond B Biol Sci 370(1673)

Ji S, Wang F, Chen Y, Yang C, Zhang P, Zhang X, Troy FA, Wang B
(2017) Developmental changes in the level of free and conjugated sialic



331.

332.

333.

334.

335.

336.

337.

338.

339.

125

acids, NeuSAc, Neu5Ge and KDN in different organs of pig: a LC-
MS/MS quantitative analyses. Glycoconj J 34(1):21-30.

Chen Y, Pan L, Liu N, Troy FA, Wang B (2013) LC-MS/MS
quantification of N-acetylneuraminic acid, N-glycolylneuraminic acid and
ketodeoxynonulosonic acid levels in the urine and potential relationship

with dietary sialic acid intake and disease in 3- to 5-year-old children. Br J
Nutr 1-10.

Koda T, Aosasa M, Asaoka H, Nakaba H, Matsuda H (2003) Application
of tyramide signal amplification for detection of N-glycolylneuraminic
acid in human hepatocellular carcinoma. Int J Clin Oncol 8(5):317-321.

Hirabayashi Y, Kasakura H, Matsumoto M, Higashi H, Kato S, Kasai N,
Naiki M (1987) Specific expression of unusual GM2 ganglioside with
Hanganutziu-Deicher antigen activity on human colon cancers. Jpn J
Cancer Res 78(3):251-260.

Scursoni AM, Galluzzo L, Camarero S, Pozzo N, Gabri MR, de Acosta
CM, Vazquez AM, Alonso DF, de Davila MT (2010) Detection and
characterization of N-glycolyated gangliosides in wilms tumor by
immunohistochemistry. Pediatr Dev Pathol 13(1):18-23.

Carr A, Mullet A, Mazorra Z, Vazquez AM, Alfonso M, Mesa C, Rengifo
E, Pérez R, Fernandez LE (2000) A mouse IgG1 monoclonal antibody
specific for N-glycolyl GM3 ganglioside recognized breast and melanoma
tumors. Hybridoma 19(3):241-247.

Fahr C, Schauer R (2001) Detection of sialic acids and gangliosides with
special reference to 9-O-acetylated species in basaliomas and normal
human skin. J Invest Dermatol 116(2):254-260.

Diaz SL, Padler-Karavani V, Ghaderi D, Hurtado-Ziola N, Yu H, Chen X,
Brinkman-Van der Linden EC, Varki A, Varki NM (2009) Sensitive and
specific detection of the non-human sialic Acid N-glycolylneuraminic acid
in human tissues and biotherapeutic products. PLoS One 4(1):e4241.

Wang F, Xie B, Wang B, Troy FA (2015) LC-MS/MS glycomic analyses
of free and conjugated forms of the sialic acids, Neu5SAc, Neu5Gc and
KDN in human throat cancers. Glycobiology 25(12):1362—-1374.

Lopez AD, Mathers CD (2006) Measuring the global burden of disease
and epidemiological transitions: 2002-2030. Ann Trop Med Parasitol
100(5-6):481-499.



340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

350.

126

Xu J, Murphy SL, Kochanek KD, Arias E (2016) Mortality in the United
States, 2015. NCHS Data Brief (267):1-8.

Varki A (2008) Sialic acids in human health and disease. Trends Mol Med
14(8):351-360.

Fedson DS (2016) Treating the host response to emerging virus diseases:
lessons learned from sepsis, pneumonia, influenza and Ebola. Ann Transl
Med 4(21):421.

Saunders-Hastings PR, Krewski D (2016) Reviewing the History of
Pandemic Influenza: Understanding Patterns of Emergence and
Transmission. Pathogens 5(4)

Patterson KD, Pyle GF (1991) The geography and mortality of the 1918
influenza pandemic. Bull Hist Med 65(1):4-21.

Esko JD, Sharon N (2009) in Essentials of Glycobiology, eds Varki A,
Cummings RD, Esko JD, Freeze HH, Stanley P, Bertozzi CR, Hart GW,
Etzler ME (Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
NY), pp 489-500.

Rogers GN, Paulson JC (1983) Receptor determinants of human and
animal influenza virus isolates: differences in receptor specificity of the
H3 hemagglutinin based on species of origin. Virology 127(2):361-373.

Baum LG, Paulson JC (1990) Sialyloligosaccharides of the respiratory
epithelium in the selection of human influenza virus receptor specificity.
Acta Histochem Suppl 40:35-38.

Connor RJ, Kawaoka Y, Webster RG, Paulson JC (1994) Receptor
specificity in human, avian, and equine H2 and H3 influenza virus
isolates. Virology 205(1):17-23.

Masuda H, Suzuki T, Sugiyama Y, Horiike G, Murakami K, Miyamoto D,
Jwa Hidari KI, Ito T, Kida H, Kiso M, Fukunaga K, Ohuchi M, Toyoda T,
Ishihama A, Kawaoka Y, Suzuki Y (1999) Substitution of amino acid
residue in influenza A virus hemagglutinin affects recognition of sialyl-
oligosaccharides containing N-glycolylneuraminic acid. FEBS Lett 464(1-
2):71-74.

Pekosz A, Newby C, Bose PS, Lutz A (2009) Sialic acid recognition is a
key determinant of influenza A virus tropism in murine trachea epithelial
cell cultures. Virology 386(1):61-67.



351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

127

Suzuki Y, Ito T, Suzuki T, Holland RE, Chambers TM, Kiso M, Ishida H,
Kawaoka Y (2000) Sialic acid species as a determinant of the host range
of influenza A viruses. J Virol 74(24):11825-11831.

Suzuki T, Horiike G, Yamazaki Y, Kawabe K, Masuda H, Miyamoto D,
Matsuda M, Nishimura SI, Yamagata T, Ito T, Kida H, Kawaoka Y,
Suzuki Y (1997) Swine influenza virus strains recognize sialylsugar
chains containing the molecular species of sialic acid predominantly
present in the swine tracheal epithelium. FEBS Lett 404(2-3):192—-196.

Takahashi T, Takano M, Kurebayashi Y, Masuda M, Kawagishi S,
Takaguchi M, Yamanaka T, Minami A, Otsubo T, lkeda K, Suzuki T
(2014) N-glycolylneuraminic acid on human epithelial cells prevents entry

of influenza A viruses that possess N-glycolylneuraminic acid binding
ability. J Virol 88(15):8445-8456.

Piot P, Quinn TC (2013) Response to the AIDS pandemic--a global health
model. N Engl J Med 368(23):2210-2218.

Keele BF, Jones JH, Terio KA, Estes JD, Rudicell RS, Wilson ML, L1 Y,
Learn GH, Beasley TM, Schumacher-Stankey J, Wroblewski E, Mosser A,
Raphael J, Kamenya S, Lonsdorf EV, Travis DA, Mlengeya T, Kinsel MJ,
Else JG, Silvestri G, Goodall J, Sharp PM, Shaw GM, Pusey AE, Hahn
BH (2009) Increased mortality and AIDS-like immunopathology in wild
chimpanzees infected with SIVcpz. Nature 460(7254):515-519.

Eichberg JW, Zarling JM, Alter HJ, Levy JA, Berman PW, Gregory T,
Lasky LA, McClure J, Cobb KE, Moran PA (1987) T-cell responses to
human immunodeficiency virus (HIV) and its recombinant antigens in
HIV-infected chimpanzees. J Virol 61(12):3804—-3808.

Muchmore EA (2001) Chimpanzee models for human disease and
immunobiology. Immunol Rev 183:86-93.

Di Rienzo AM, Furlini G, Olivier R, Ferris S, Heeney J, Montagnier L
(1994) Different proliferative response of human and chimpanzee

lymphocytes after contact with human immunodeficiency virus type 1
gp120. Eur J Immunol 24(1):34-40.

Liegler TJ, Stites DP (1994) HIV-1 gpl20 and anti-gp120 induce
reversible unresponsiveness in peripheral CD4 T lymphocytes. J Acquir
Immune Defic Syndr 7(4):340-348.

Gougeon ML, Lecoeur H, Boudet F, Ledru E, Marzabal S, Boullier S,
Roue R, Nagata S, Heeney J (1997) Lack of chronic immune activation in



361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

128

HIV-infected chimpanzees correlates with the resistance of T cells to
Fas/Apo-1 (CD95)-induced apoptosis and preservation of a T helper 1
phenotype. J Immunol 158(6):2964-2976.

Soto PC, Karris MY, Spina CA, Richman DD, Varki A (2013) Cell-
intrinsic mechanism involving Siglec-5 associated with divergent

outcomes of HIV-1 infection in human and chimpanzee CD4 T cells. J
Mol Med (Berl) 91(2):261-270.

Hammonds JE, Beeman N, Ding L, Takushi S, Francis AC, Wang JJ,
Melikyan GB, Spearman P (2017) Siglec-1 initiates formation of the
virus-containing compartment and enhances macrophage-to-T cell
transmission of HIV-1. PLoS Pathog 13(1):e1006181.

O’Brien KL, Wolfson LJ, Watt JP, Henkle E, Deloria-Knoll M, McCall N,
Lee E, Mulholland K, Levine OS, Cherian T, Hib APGBODST (2009)
Burden of disease caused by Streptococcus pneumoniae in children
younger than 5 years: global estimates. Lancet 374(9693):893-902.

Loeb M (2004) Pneumonia in the elderly. Curr Opin Infect Dis 17(2):127—
130.

Hentrich K, Lofling J, Pathak A, Nizet V, Varki A, Henriques-Normark B
(2016) Streptococcus pneumoniae Senses a Human-like Sialic Acid
Profile via the Response Regulator CiaR. Cell Host Microbe 20(3):307—
317.

Crump JA, Mintz ED (2010) Global trends in typhoid and paratyphoid
Fever. Clin Infect Dis 50(2):241-246.

Galan JE (2016) Typhoid toxin provides a window into typhoid fever and
the biology of Salmonella Typhi. Proc Natl Acad Sci U S A 113(23):6338—
6344.

Ghunaim H, Desin TS (2015) Potential Impact of Food Safety Vaccines
on Health Care Costs. Foodborne Pathog Dis 12(9):733-740.

Lofling JC, Paton AW, Varki NM, Paton JC, Varki A (2009) A dietary
non-human sialic acid may facilitate hemolytic-uremic syndrome. Kidney
Int 76(2):140-144.

Hoffman EP, Brown RH, Kunkel LM (1987) Dystrophin: the protein
product of the Duchenne muscular dystrophy locus. Cell 51(6):919-928.



371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

129

Abdul-Razak H, Malerba A, Dickson G (2016) Advances in gene therapy
for muscular dystrophies. F'1000Res 5

Shimizu-Motohashi Y, Miyatake S, Komaki H, Takeda S, Aoki Y (2016)
Recent advances in innovative therapeutic approaches for Duchenne

muscular dystrophy: from discovery to clinical trials. Am J Trans! Res
8(6):2471-2489.

Chamberlain JS (2010) Duchenne muscular dystrophy models show their
age. Cell 143(7):1040-1042.

Sacco A, Mourkioti F, Tran R, Choi J, Llewellyn M, Kraft P, Shkreli M,
Delp S, Pomerantz JH, Artandi SE, Blau HM (2010) Short telomeres and
stem cell exhaustion model Duchenne muscular dystrophy in mdx/mTR
mice. Cell 143(7):1059-1071.

Duan D (2011) Duchenne muscular dystrophy gene therapy: Lost in
translation. Res Rep Biol 2011(2):31-42.

McGreevy JW, Hakim CH, McIntosh MA, Duan D (2015) Animal models
of Duchenne muscular dystrophy: from basic mechanisms to gene therapy.
Dis Model Mech 8(3):195-213.

Sayers K, Lovejoy CO (2014) Blood, bulbs, and bunodonts: on
evolutionary ecology and the diets of Ardipithecus, Australopithecus, and
early Homo. Q Rev Biol 89(4):319-357.

Baird A, Costantini T, Coimbra R, Eliceiri BP (2016) Injury, inflammation
and the emergence of human-specific genes. Wound Repair Regen
24(3):602-606.

Springer SA, Gagneux P (2016) Glycomics: revealing the dynamic
ecology and evolution of sugar molecules. J Proteomics 135:90—100.

REEMTSMA K, MCCRACKEN BH, SCHLEGEL JU, PEARL MA,
PEARCE CW, DEWITT CW, SMITH PE, HEWITT RL, FLINNER RL,
CREECH O (1964) RENAL HETEROTRANSPLANTATION IN MAN.
Ann Surg 160:384-410.

Galili U, Shohet SB, Kobrin E, Stults CL, Macher BA (1988) Man, apes,
and Old World monkeys differ from other mammals in the expression of
alpha-galactosyl epitopes on nucleated cells. J Biol Chem 263(33):17755—
17762.



382.

383.

384.

385.

386.

387.

388.

389.

130

Byme GW, Stalboerger PG, Davila E, Heppelmann CJ, Gazi MH,
McGregor HC, LaBreche PT, Davies WR, Rao VP, Oi K, Tazelaar HD,
Logan JS, McGregor CG (2008) Proteomic identification of non-Gal
antibody targets after pig-to-primate cardiac xenotransplantation.
Xenotransplantation 15(4):268-276.

Lutz AJ, Li P, Estrada JL, Sidner RA, Chihara RK, Downey SM, Burlak
C, Wang ZY, Reyes LM, Ivary B, Yin F, Blankenship RL, Paris LL,
Tector AJ (2013) Double knockout pigs deficient in N-glycolylneuraminic
acid and Galactose alpha-1,3-Galactose reduce the humoral barrier to
xenotransplantation. Xenotransplantation 20(1):27-35.

Gao H, Zhao C, Xiang X, Li Y, Zhao Y, Li Z, Pan D, Dai Y, Hara H,
Cooper DK, Cai Z, Mou L (2016) Production of al,3-
galactosyltransferase and cytidine monophosphate-N-acetylneuraminic
acid hydroxylase gene double-deficient pigs by CRISPR/Cas9 and
handmade cloning. J Reprod Dev

Sato M, Miyoshi K, Nagao Y, Nishi Y, Ohtsuka M, Nakamura S, Sakurai
T, Watanabe S (2014) The combinational use of CRISPR/Cas9-based gene
editing and targeted toxin technology enables efficient biallelic knockout
of the a-1,3-galactosyltransferase gene in porcine embryonic fibroblasts.
Xenotransplantation 21(3):291-300.

Wang ZY, Burlak C, Estrada JL, Li P, Tector MF, Tector AJ (2014)
Erythrocytes from GGTA1/CMAH knockout pigs: implications for

xenotransfusion and testing in non-human primates. Xenotransplantation
21(4):376-384.

Burlak C, Paris LL, Lutz AJ, Sidner RA, Estrada J, Li P, Tector M, Tector
AJ (2014) Reduced binding of human antibodies to cells from
GGTA1/CMAH KO pigs. Am J Transplant 14(8):1895-1900.

Estrada JL, Martens G, Li P, Adams A, Newell KA, Ford ML, Butler JR,
Sidner R, Tector M, Tector J (2015) Evaluation of human and non-human
primate antibody binding to pig cells lacking GGTA1/CMAH/B4GalNT2
genes. Xenotransplantation 22(3):194-202.

Reuven EM, Leviatan Ben-Arye S, Marshanski T, Breimer ME, Yu H,
Fellah-Hebia I, Roussel JC, Costa C, Galifianes M, Mafiez R, Le Tourneau
T, Soulillou JP, Cozzi E, Chen X, Padler-Karavani V (2016)
Characterization of immunogenic Neu5Gc in bioprosthetic heart valves.
Xenotransplantation 23(5):381-392.



390.

391.

392.

393.

394.

395.

396.

397.

398.

131

Chung CH, Mirakhur B, Chan E, Le QT, Berlin J, Morse M, Murphy BA,
Satinover SM, Hosen J, Mauro D, Slebos RJ, Zhou Q, Gold D, Hatley T,
Hicklin DJ, Platts-Mills TA (2008) Cetuximab-induced anaphylaxis and
IgE specific for galactose-alpha-1,3-galactose. N FEngl J Med
358(11):1109-1117.

Hurh S, Kang B, Choi I, Cho B, Lee EM, Kim H, Kim YJ, Chung YS,
Jeong JC, Hwang JI, Kim JY, Lee BC, Surh CD, Yang J, Ahn C (2016)
Human antibody reactivity against xenogeneic N-glycolylneuraminic acid
and galactose-a-1,3-galactose antigen. Xenotransplantation 23(4):279—
292.

Reardon S (2015) New life for pig-to-human transplants. Nature
527(7577):152—154.

Varki A (2009) Multiple changes in sialic acid biology during human
evolution. Glycoconj J 26(3):231-245.

Pearce OM, Samraj AN, Laubli H, Varki NM, Varki A (2015) Reply to
Mackenzie: A comparison of Neu5Gc and a-gal xenoantigens. Proc Natl
Acad Sci U S A 112(12):E1405.

Martin MJ, Muotri A, Gage F, Varki A (2005) Human embryonic stem
cells express an immunogenic nonhuman sialic acid. Nat Med 11(2):228—
232.

Lanctot PM, Gage FH, Varki AP (2007) The glycans of stem cells. Curr
Opin Chem Biol 11(4):373-380.

Heiskanen A, Satomaa T, Tiitinen S, Laitinen A, Mannelin S, Impola U,
Mikkola M, Olsson C, Miller-Podraza H, Blomqvist M, Olonen A, Salo H,
Lehenkari P, Tuuri T, Otonkoski T, Natunen J, Saarinen J, Laine J (2007)
N-glycolylneuraminic acid xenoantigen contamination of human
embryonic and mesenchymal stem cells is substantially reversible. Stem
Cells 25(1):197-202.

Komoda H, Okura H, Lee CM, Sougawa N, Iwayama T, Hashikawa T,
Saga A, Yamamoto-Kakuta A, Ichinose A, Murakami S, Sawa Y,
Matsuyama A (2010) Reduction of N-glycolylneuraminic acid
xenoantigen on human adipose tissue-derived stromal cells/mesenchymal

stem cells leads to safer and more useful cell sources for various stem cell
therapies. Tissue Eng Part A 16(4):1143—-1155.



399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

409.

132

Schauer R, Srinivasan GV, Coddeville B, Zanetta JP, Guerardel Y (2009)
Low incidence of N-glycolylneuraminic acid in birds and reptiles and its
absence in the platypus. Carbohydr Res 344(12):1494—1500.

Springer SA, Diaz SL, Gagneux P (2014) Parallel evolution of a self-
signal: humans and new world monkeys independently lost the cell surface
sugar Neu5Gc. Immunogenetics 66(11):671-674.

Wasik BR, Barnard KN, Parrish CR (2016) Effects of Sialic Acid
Modifications on Virus Binding and Infection. Trends Microbiol
24(12):991-1001.

Carvalho LJ, Oliveira SG, Alves FA, Brigido MC, Muniz JA, Daniel-
Ribeiro CT (2000) Aotus infulatus monkey is susceptible to Plasmodium

falciparum infection and may constitute an alternative experimental model
for malaria. Mem Inst Oswaldo Cruz 95(3):363-365.

Galland GG (2000) Role of the squirrel monkey in parasitic disease
research. ILAR J 41(1):37-43.

Araujo MS, Messias MR, Figueir6 MR, Gil LH, Probst CM, Vidal NM,
Katsuragawa TH, Krieger MA, Silva LH, Ozaki LS (2013) Natural
Plasmodium infection in monkeys in the state of Rondonia (Brazilian
Western Amazon). Malar J 12:180.

Gurtner GC, Werner S, Barrandon Y, Longaker MT (2008) Wound repair
and regeneration. Nature 453(7193):314-321.

Koh TJ, DiPietro LA (2011) Inflammation and wound healing: the role of
the macrophage. Expert Rev Mol Med 13:e23.

Giordano C, Mojumdar K, Liang F, Lemaire C, Li T, Richardson J,
Divangahi M, Qureshi S, Petrof BJ (2015) Toll-like receptor 4 ablation in
mdx mice reveals innate immunity as a therapeutic target in Duchenne
muscular dystrophy. Hum Mol Genet 24(8):2147-2162.

Brinkworth JF, Barreiro LB (2014) The contribution of natural selection to
present-day susceptibility to chronic inflammatory and autoimmune
disease. Curr Opin Immunol 31:66-78.

De Maio A, Torres MB, Reeves RH (2005) Genetic determinants
influencing the response to injury, inflammation, and sepsis. Shock
23(1):11-17.



410.

411.

412.

413.

414.

415.

416.

417.

418.

419.

420.

421.

422.

133

Medzhitov R (2008) Origin and physiological roles of inflammation.
Nature 454(7203):428-435.

Tabas I, Glass CK (2013) Anti-inflammatory therapy in chronic disease:
challenges and opportunities. Science 339(6116):166—172.

Klebanoff SJ, Kettle AJ, Rosen H, Winterbourn CC, Nauseef WM (2013)
Myeloperoxidase: a front-line defender against phagocytosed
microorganisms. J Leukoc Biol 93(2):185-198.

Kim ND, Luster AD (2015) The role of tissue resident cells in neutrophil
recruitment. Trends Immunol 36(9):547-555.

Németh T, Mocsai A (2016) Feedback Amplification of Neutrophil
Function. Trends Immunol

Mogensen TH (2009) Pathogen recognition and inflammatory signaling in
innate immune defenses. Clin Microbiol Rev 22(2):240-73, Table of
Contents.

Aderem A (2003) Phagocytosis and the inflammatory response. J Infect
Dis 187 Suppl 2:S340-5.

Soehnlein O, Lindbom L (2010) Phagocyte partnership during the onset
and resolution of inflammation. Nat Rev Immunol 10(6):427-439.

Varin A, Mukhopadhyay S, Herbein G, Gordon S (2010) Alternative
activation of macrophages by IL-4 impairs phagocytosis of pathogens but
potentiates microbial-induced signalling and cytokine secretion. Blood
115(2):353-362.

Okabe Y, Medzhitov R (2016) Tissue biology perspective on
macrophages. Nat Immunol 17(1):9—-17.

Deng B, Wehling-Henricks M, Villalta SA, Wang Y, Tidball JG (2012)
IL-10 triggers changes in macrophage phenotype that promote muscle
growth and regeneration. J Immunol 189(7):3669—-3680.

Kharraz Y, Guerra J, Mann CJ, Serrano AL, Mufioz-Cénoves P (2013)
Macrophage plasticity and the role of inflammation in skeletal muscle
repair. Mediators Inflamm 2013:491497.

Burzyn D, Kuswanto W, Kolodin D, Shadrach JL, Cerletti M, Jang Y,
Sefik E, Tan TG, Wagers AJ, Benoist C, Mathis D (2013) A special



423.

424.

425.

426.

427.

428.

429.

430.

431.

432.

433.

134

population of regulatory T cells potentiates muscle repair. Cell
155(6):1282-1295.

Mann CJ, Perdiguero E, Kharraz Y, Aguilar S, Pessina P, Serrano AL,
Mufioz-Canoves P (2011) Aberrant repair and fibrosis development in
skeletal muscle. Skelet Muscle 1(1):21.

Lieber RL, Ward SR (2013) Cellular mechanisms of tissue fibrosis. 4.
Structural and functional consequences of skeletal muscle fibrosis. Am J
Physiol Cell Physiol 305(3):C241-52.

Chovatiya R, Medzhitov R (2014) Stress, inflammation, and defense of
homeostasis. Mol Cell 54(2):281-288.

Nathan C, Ding A (2010) Nonresolving inflammation. Cell 140(6):871—
882.

Kanzler H, Barrat FJ, Hessel EM, Coffman RL (2007) Therapeutic
targeting of innate immunity with Toll-like receptor agonists and
antagonists. Nat Med 13(5):552-559.

Moresco EM, LaVine D, Beutler B (2011) Toll-like receptors. Curr Biol
21(13):R488-93.

Lu YC, Yeh WC, Ohashi PS (2008) LPS/TLR4 signal transduction
pathway. Cytokine 42(2):145-151.

Covert MW, Leung TH, Gaston JE, Baltimore D (2005) Achieving
stability of lipopolysaccharide-induced NF-kappaB activation. Science
309(5742):1854-1857.

Lawrence T, Bebien M, Liu GY, Nizet V, Karin M (2005) 1KKalpha
limits macrophage NF-kappaB activation and contributes to the resolution
of inflammation. Nature 434(7037):1138—-1143.

Warren HS, Fitting C, Hoff E, Adib-Conquy M, Beasley-Topliffe L,
Tesini B, Liang X, Valentine C, Hellman J, Hayden D, Cavaillon JM
(2010) Resilience to bacterial infection: difference between species could
be due to proteins in serum. J Infect Dis 201(2):223-232.

Nikolaeva S, Bayunova L, Sokolova T, Vlasova Y, Bachteeva V, Avrova
N, Parnova R (2015) GM1 and GDla gangliosides modulate toxic and
inflammatory effects of E. coli lipopolysaccharide by preventing TLR4
translocation into lipid rafts. Biochim Biophys Acta 1851(3):239-247.



434.

435.

436.

437.

438.

439.

440.

441.

442.

443.

444,

135

Revelli DA, Boylan JA, Gherardini FC (2012) A non-invasive
intratracheal inoculation method for the study of pulmonary melioidosis.
Front Cell Infect Microbiol 2:164.

Manzi AE, Diaz S, Varki A (1990) High-pressure liquid chromatography
of sialic acids on a pellicular resin anion-exchange column with pulsed
amperometric detection: A comparison with six other systems. Anal
Biochem 188:20-32.

Huber R, Pietsch D, Panterodt T, Brand K (2012) Regulation of C/EBPf
and resulting functions in cells of the monocytic lineage. Cell Signal
24(6):1287-1296.

Tanaka T, Akira S, Yoshida K, Umemoto M, Yoneda Y, Shirafuji N,
Fujiwara H, Suematsu S, Yoshida N, Kishimoto T (1995) Targeted
disruption of the NF-IL6 gene discloses its essential role in bacteria killing
and tumor cytotoxicity by macrophages. Cell 80(2):353-361.

Plummer T (2004) Flaked stones and old bones: biological and cultural
evolution at the dawn of technology. Am J Phys Anthropol Suppl 39:118—
164.

Raichlen DA, Alexander GE (2014) Exercise, APOE genotype, and the
evolution of the human lifespan. Trends Neurosci 37(5):247-255.

Schwarz F, Springer SA, Altheide TK, Varki NM, Gagneux P, Varki A
(2016) Human-specific derived alleles of CD33 and other genes protect

against postreproductive cognitive decline. Proc Natl Acad Sci U S A
113(1):74-79.

Deutschman CS, Tracey KJ (2014) Sepsis: current dogma and new
perspectives. Immunity 40(4):463—-475.

Ruffell D, Mourkioti F, Gambardella A, Kirstetter P, Lopez RG,
Rosenthal N, Nerlov C (2009) A CREB-C/EBPbeta cascade induces M2
macrophage-specific gene expression and promotes muscle injury repair.
Proc Natl Acad Sci U S A 106(41):17475-17480.

Lee B, Qiao L, Lu M, Yoo HS, Cheung W, Mak R, Schaack J, Feng GS,
Chi NW, Olefsky JM, Shao J (2014) C/EBPa regulates macrophage
activation and systemic metabolism. Am J Physiol Endocrinol Metab
306(10):E1144-54.

Uematsu S, Kaisho T, Tanaka T, Matsumoto M, Yamakami M, Omori H,
Yamamoto M, Yoshimori T, Akira S (2007) The C/EBP beta isoform 34-
kDa LAP is responsible for NF-IL-6-mediated gene induction in activated



445.

446.

447.

448.

449.

450.

451.

452.

453.

454,

455.

456.

457.

136

macrophages, but is not essential for intracellular bacteria killing. J
Immunol 179(8):5378-5386.

Pizarro-Cerda J, Desjardins M, Moreno E, Akira S, Gorvel JP (1999)
Modulation of endocytosis in nuclear factor IL-6(-/-) macrophages is
responsible for a high susceptibility to intracellular bacterial infection. J
Immunol 162(6):3519-3526.

Carrier DR (1984) The energetic paradox of human running and hominid
evolution. Current Anthropology 25 (4):483—495.

Lieberman DE, Bramble DM (2007) The evolution of marathon running:
capabilities in humans. Sports Med 37(4-5):288-290.

Sockol MD, Raichlen DA, Pontzer H (2007) Chimpanzee locomotor
energetics and the origin of human bipedalism. Proc Natl Acad Sci U S A
104(30):12265-12269.

Pontzer H, Raichlen DA, Rodman PS (2014) Bipedal and quadrupedal
locomotion in chimpanzees. J Hum Evol 66:64-82.

Lovejoy CO, Heiple KG, Burstein AH (1973) The gait of
Australopithecus. Am J Phys Anthropol 38(3):757-779.

Stanford, Bunn (1999) Meat Eating and Hominid Evolution. Curr
Anthropol 40(5):726-728.

Ambrose SH (2001) Paleolithic technology and human evolution. Science
291(5509):1748-1753.

Wilkins J, Schoville BJ, Brown KS, Chazan M (2012) Evidence for early
hafted hunting technology. Science 338(6109):942-946.

Thieme H (1997) Lower Palaeolithic hunting spears from Germany.
Nature 385(6619):807-810.

Lieberman DE, Bramble DM, Raichlen DA, Shea JJ (2007) The evolution
of endurance running and the tyranny of ethnography: a reply to Pickering
and Bunn (2007). J Hum Evol 53(4):439-442.

Liebenberg L (2008) The relevance of persistence hunting to human
evolution. J Hum Evol 55(6):1156—-1159.

Varki A, Gagneux P (2009) Human-specific evolution of sialic acid
targets: explaining the malignant malaria mystery. Proc Natl Acad Sci U S
A4 106(35):14739-14740.



458.

459.

460.

461.

462.

463.

464.

465.

466.

467.

137

Okerblom J, Varki A (2017) Biochemical, Cellular, Physiological and
Pathological Consequences of Human loss of N-glycolylneuraminic Acid.
Chembiochem

Kwon DN, Chang BS, Kim JH (2014) Gene expression and pathway
analysis of effects of the CMAH deactivation on mouse lung, kidney and
heart. PLoS One 9(9):e107559.

Poole DC, Copp SW, Hirai DM, Musch TI (2011) Dynamics of muscle
microcirculatory and blood-myocyte O(2) flux during contractions. Acta
Physiol (Oxf) 202(3):293-310.

Betteridge K, Arkill K, Neal C, Harper S, Foster B, Satchell S, Bates D,
Salmon A (2017) Sialic acids regulate microvessel permeability, revealed
by novel in vivo studies of endothelial glycocalyx structure and function. J
Physiol

Roca J, Hogan MC, Story D, Bebout DE, Haab P, Gonzalez R, Ueno O,
Wagner PD (1989) Evidence for tissue diffusion limitation of VO2max in
normal humans. J Appl Physiol (1985) 67(1):291-299.

Richardson RS, Grassi B, Gavin TP, Haseler LJ, Tagore K, Roca J,
Wagner PD (1999) Evidence of O2 supply-dependent VO2 max in the
exercise-trained human quadriceps. J Appl Physiol (1985) 86(3):1048—
1053.

Richardson RS, Leigh JS, Wagner PD, Noyszewski EA (1999) Cellular
PO2 as a determinant of maximal mitochondrial O(2) consumption in
trained human skeletal muscle. J Appl Physiol (1985) 87(1):325-331.

Koga S, Rossiter HB, Heinonen I, Musch TI, Poole DC (2014) Dynamic
heterogeneity of exercising muscle blood flow and O2 utilization. Med Sci
Sports Exerc 46(5):860—-876.

Delavar H, Nogueira L, Wagner PD, Hogan MC, Metzger D, Breen EC
(2014) Skeletal myofiber VEGF 1is essential for the exercise training

response in adult mice. Am J Physiol Regul Integr Comp Physiol
306(8):R586-95.

Tang K, Gu Y, Dalton ND, Wagner H, Peterson KL, Wagner PD, Breen
EC (2016) Selective Life-Long Skeletal Myofiber-Targeted VEGF Gene
Ablation Impairs Exercise Capacity in Adult Mice. J Cell Physiol
231(2):505-511.



468.

469.

470.

471.

472.

473.

474.

475.

476.

477.

478.

138

Knapp AE, Goldberg D, Delavar H, Trisko BM, Tang K, Hogan MC,
Wagner PD, Breen EC (2016) Skeletal myofiber VEGF regulates
contraction-induced perfusion and exercise capacity but not muscle
capillarity in adult mice. Am J Physiol Regul Integr Comp Physiol
311(1):R192-9.

Mangner N, Bowen TS, Werner S, Fischer T, Kullnick Y, Oberbach A,
Linke A, Steil L, Schuler G, Adams V (2016) Exercise Training Prevents
Diaphragm Contractile Dysfunction in Heart Failure. Med Sci Sports
Exerc 48(11):2118-2124.

Close RI (1972) Dynamic properties of mammalian skeletal muscles.
Physiol Rev 52(1):129-197.

Pesta D, Gnaiger E (2012) High-resolution respirometry: OXPHOS
protocols for human cells and permeabilized fibers from small biopsies of
human muscle. Methods Mol Biol 810:25-58.

Rosenblatt JD, Kuzon WM, Plyley MJ, Pynn BR, McKee NH (1987) A
histochemical method for the simultaneous demonstration of capillaries
and fiber type in skeletal muscle. Stain Technol 62(2):85-92.

Pettersson J, Hindorf U, Persson P, Bengtsson T, Malmqvist U,
Werkstrom V, Ekelund M (2008) Muscular exercise can cause highly
pathological liver function tests in healthy men. Br J Clin Pharmacol
65(2):253-259.

Tackett J, Reynolds AS, Dickerman RD (2008) Enzyme elevations with
muscle injury: know what to look for. Br J Clin Pharmacol 66(5):725.
Wood B, Richmond BG (2000) Human evolution: taxonomy and
paleobiology. J Anat 197 (Pt 1):19-60.

Myatt JP, Schilling N, Thorpe SK (2011) Distribution patterns of fibre
types in the triceps surae muscle group of chimpanzees and orangutans. J
Anat 218(4):402—412.

Tirrell TF, Cook MS, Carr JA, Lin E, Ward SR, Lieber RL (2012) Human
skeletal muscle biochemical diversity. J Exp Biol 215(Pt 15):2551-2559.

Andersen P, Henriksson J (1977) Capillary supply of the quadriceps
femoris muscle of man: adaptive response to exercise. J Physiol
270(3):677-690.



479.

480.

481.

482.

483.

484.

485.

486.

139

Ingjer F (1978) Maximal aerobic power related to the capillary supply of
the quadriceps femoris muscle in man. Acta Physiol Scand 104(2):238—
240.

Olfert IM, Howlett RA, Tang K, Dalton ND, Gu Y, Peterson KL, Wagner
PD, Breen EC (2009) Muscle-specific VEGF deficiency greatly reduces
exercise endurance in mice. J Physiol 587(Pt 8):1755-1767.

van der Laarse WJ, des Tombe AL, van Beek-Harmsen BJ, Lee-de Groot
MB, Jaspers RT (2005) Krogh’s diffusion coefficient for oxygen in
isolated Xenopus skeletal muscle fibers and rat myocardial trabeculae at
maximum rates of oxygen consumption. J Appl Physiol (1985)
99(6):2173-2180.

Lin J, Wu PH, Tarr PT, Lindenberg KS, St-Pierre J, Zhang CY, Mootha
VK, Jéager S, Vianna CR, Reznick RM, Cui L, Manieri M, Donovan MX,
Wu Z, Cooper MP, Fan MC, Rohas LM, Zavacki AM, Cinti S, Shulman
GI, Lowell BB, Krainc D, Spiegelman BM (2004) Defects in adaptive
energy metabolism with CNS-linked hyperactivity in PGC-1lalpha null
mice. Cell 119(1):121-135.

Poli V (1998) The role of C/EBP isoforms in the control of inflammatory
and native immunity functions. J Biol Chem 273(45):29279-29282.

Litvak V, Ramsey SA, Rust AG, Zak DE, Kennedy KA, Lampano AE,
Nykter M, Shmulevich I, Aderem A (2009) Function of C/EBPdelta in a
regulatory circuit that discriminates between transient and persistent
TLR4-induced signals. Nat Immunol 10(4):437-443.

Zhang L, Pan J, Dong Y, Tweardy DJ, Dong Y, Garibotto G, Mitch WE
(2013) Stat3 activation links a C/EBP6 to myostatin pathway to stimulate
loss of muscle mass. Cell Metab 18(3):368-379.

Xia J, Wishart DS (2016) Using MetaboAnalyst 3.0 for Comprehensive
Metabolomics Data Analysis. Curr Protoc Bioinformatics 55:14.10.1—
14.10.91.



	abstract.pdf
	CV.pdf
	Education
	Doctorate Thesis
	Publications
	Mentorship
	Awards, Honors, and Grants
	Previous Research and Teaching Experience
	Community Service
	Computer skills
	Abstracts


	THESIS_FINAL.pdf
	abstract.pdf
	CV.pdf
	Education
	Doctorate Thesis
	Publications
	Mentorship
	Awards, Honors, and Grants
	Previous Research and Teaching Experience
	Community Service
	Computer skills
	Abstracts



	Okerblom J,



