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Anthropogeny: A Transdisciplinary Approach 

modified from: A Systematic Approach to Anthropogeny. Updated by P. Gagneux from Varki, A., Nelson, D., 2007. 

Genomic Differences between humans and chimpanzees. Annual Review of Anthropology 36, 191-209

ENVIRONMENT
Physical | Biological | Cultural

PALEOCLIMATE
PROXIES
drill cores

pollen
plant wax

soil carbonates
stable isotopes

OTHER SPECIES 
primates and non-primates

Cetaceans, 
Corvids,

Song Birds
Cooperative Breeders

ARCHAEOLOGICAL DATA

FOSSIL DATA

COMMON ANCESTOR

ANCIENT DNA

in vitro studies 
with cells

in vivo studies 
with transgenic 
animals

PHENOTYPES:
molecules to societies

GENOTYPES:
genomes and epigenomes

in vitro studies 
with cells,
organoids

“GREAT APES” HUMANS

Approaches used for Anthropogeny: 
Comparative studies of development (ontogeny), physiology, behavior, social interaction, genomics 
and molecular boiology, biomedicine, and neuroscience coupled with data on evolutionary history 
(phylogeny) including fossils, ancient DNA, archeological artifacts, combined with proxies for 
paleoclimate. 

Studies of how genomes and genetic variants influence phenotypes by using cell culture, in vitro 
organdies and model animal species  

Wider comparative studies of other prosocial, long-lived and cooperative brewing species.

Anthropogeny: Looking back on deep history

Archeology 
artifacts2.6 My

Paleontology 
fossils

8 My

300 Ky ancient DNA

Language10 Ky
History4-5 Ky

Comparative 
Approach:

Morphology 
Genetics 
Culture

Anthropogeny is a historical discipline with very limited experimental options, the comparative 
approach is essential as are  
different perspectives from different fields:   physical, biological, social, and computational sciences.



Theory 
 Major diseases of a given species are 

likely to be related to  
(mal)adaptations during the recent 
evolutionary past of that species

Corollary 
 Comparisons of Disease Incidence and 
Susceptibility between Humans and our 
closest evolutionary relatives should be 

useful

“Disease” 
 what is the threshold to call a variant 

condition a disease or disorder? 

Medicine 
A uniquely human venture?

“Illness” 
Experience and perception of the disease 

within sociocultural context.

Disease Medicine and Illness Defining disease is extremely difficult, Defining health might be easier.
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General Mechanisms for Disease Differences  
Between Humans and “Great Apes”

 Anatomical Differences 
	 Bi-pedal (upright) posture 
	 Sinuses in Humans 
	 Air Sacs in “Great Apes” 

 Life-Style Differences 
 Dietary Differences 
 Physiological Differences 
 Molecular Differences 
 Unknown Reasons

?
(Sustained running ability likely originated later, ~2 
million years ago) 

Striding Bipedal Gait: A Uniquely Human Condition 

Upright walking: relatively soon after 
divergence of chimpanzee and human 
lineages, >6 million years ago

The chimp with the most human-like gait and body type walked upright more efficiently than he 
knuckle-walked a finding that study co-author Herman Pontzer calls a snapshot of how this 
evolution may have taken place. (This composite photograph pays homage to the iconic Evolution 
of Man.) Cary Wolinsky

Low Back Pains, Strains, and Injuries 
Spine Deformity Problems 
Herniated Inter-vertebral Discs (“slipped discs”) 
Varicose Veins 
Hernias 
Hemorrhoids 
Knee Joint Osteoarthritis 
Obstetric Difficulties (Pelvic Narrowing)

Striding Bipedal Gait: Biomedical Consequences



modified from Babbitt et al. Proc R Soc B 2011

Brain expansion over time

From the January 18, 2007, issue of The New England Journal of 
Medicine (volume 356, page 272).

chimpanzee autralopithecine human
Obstetrical dilemma: birthing a big-brained baby

3 million 
years ago Today6-7 million 

years ago

Smith R. Mechanisms of Disease: Parturition. 
N Engl. J Med. 2007;356:271-283.

Modern humans have evolved such large heads that their bipedal mothers face many difficulties in 
birthing such large headed babies. Childbirth have become dependent on cultural input, help from 
relatives or professionals… Cephalo-pelvic disproportion.

Feature Human Chimpanzee
Variation in gestation period (days) ~35 ~10

Duration of labor (hours) > 10 HOURS ≅ 1 HOUR

Pain (vocalization, wincing, etc.) High Low

Time of day for delivery Unpredictable Night

Liao, J.B., Buhimschi, C.S., and Norwitz, E.R. Normal labor: Mechanism and duration. Obstet Gynecol Clin North Am. 2005;32:145-64 
Keeling, M.R., and Roberts, J.R. The Chimpanzee. Volume 5: Histology, Reproduction and Restraint. S. Karger, New York; 1972. 
  

Lefebvre, L., and Carli, G. Parturition in non-human primates: pain and auditory concealment. Pain. 1985;21:315-327.

Pregnancy & Parturition: Human vs. “Great Ape” Differences 

Chimp birth at AtticaPark, AthensMedically- assisted human birth



Obstetrical Dilemma a “cultural construct”? 

Haeusler et al. The obstetrical dilemma hypothesis: there’s life in the old dog yet  
Biological Reviews 96 (2021) 2031–2057 © 2021  

Schematic showing the original obstetrical dilemma hypothesis and complementary or alternative 
explanations (orange lozenges) as they relate to specific components of the obstetrical dilemma 
proposed by Washburn (1960). Note that most studies on the pelvic floor, thermoregulation, and 
energetics to date have focused on pelvic width rather than on the anteroposterior pelvic 
shortening emphasised by Washburn (1960).

Obstetrical Dilemma a “cultural construct”? 

Haeusler et al. The obstetrical dilemma hypothesis: there’s life in the old dog yet  
Biological Reviews 96 (2021) 2031–2057 © 2021  

Comparison of the birth mechanism in chimpanzees (top) and modern humans (bottom), in 
superior view, longitudinal section, and inferior view at the pelvic inlet, midplane and outlet. In 
chimpanzees, the fetal head is likely extended throughout the birth process, i.e. in a mentum 
anterior orientation as it usually occurs in non-human primates, but the fetus can also be born with 
a flexed head as in humans. In humans, the fetal head is flexed and its orientation adapts to the 
changing shape of the different pelvic planes. 

Obstetrical Dilemma a “cultural construct”? 

Haeusler et al. The obstetrical dilemma hypothesis: there’s life in the old dog yet  
Biological Reviews 96 (2021) 2031–2057 © 2021  

Relationship of the maternal pelvis and fetal head during birth and adaptations to reduce 
cephalopelvic disproportion. The traditional cephalopelvic proportions according to Schultz (1949) 
and Leutenegger (1982) are misleading, since maximum length and breadth of the fetal head in 
relation to the dimensions of the mother’s pelvic inlet (left, superior view) are of little obstetrical 
relevance. Adaptations to high cephalopelvic proportions in humans (and probably in 
australopithecines) include an elaborate rotational birth mechanism and fetal neck flexion that 
reduce the diameter of the fetal head, head moulding afforded by open cranial sutures and 
fontanels, and sacral nutation up to 2 cm permitted by limited sacroiliac joint laxity. In great apes, 
the relatively small fetal size does not require pronounced adaptations, resulting in only subtle pelvic 
sexual dimorphism, and neonates are born with either an extended or flexed neck. In small-bodied 
monkeys and gibbons, fetus head size might significantly exceed the size of the mother’s pelvis, 
and adaptations to ease birth include pronounced ligamentous laxity particularly at the pubic 
symphysis and extension of the neck of the fetus so that the smaller submento-bregmatic diameter 
is presented rather than the maximum length of the head adapted from (Stoller, 1995).



General Mechanisms for Disease Differences  
Between Humans and “Great Apes”

 Anatomical Differences 
	 Bi-pedal (upright) posture 
	 Sinuses in Humans 
	 Air Sacs in “Great Apes” 

 Life-Style Differences 
 Dietary Differences 
 Physiological Differences 
 Molecular Differences 
 Unknown Reasons

Human Diet has undergone major changes during the last 
10-20,000 years.   

This may help explain the severity and frequency of some modern 
human diseases

Post-Paleolithic Changes In Human Diet

Species Fruit as % of Diet Red Meat in Diet

Humans Low/Variable Highly Variable

Chimpanzees >75% Small mammals, variably

Bonobos >75% Small mammals occasionally

Gorillas (lowland) 50-70% None

Gorillas (mountain) <5% None

Orangutans >70% Small mammals occasionally

Old World Monkeys Variable*, usually high Rare or absent

New World Monkeys Variable*, usually high Cebus only, Absent in Others

*Correlates positively with presence of Tri-color Stereoscopic Vision

Primate Dietary Intake:  Fruits & Mammalian Meat

Varki A.: Nothing in Medicine Makes Sense, Except in the 
Light of Evolution. J. Mol. Med. 2012;5:481-494.



Item Change Pro Con

Source of Many Nutrients, 
e.g. CalciumMilk Drinking after infancy

Increased (Lactose 
Tolerance)

Rich source of Saturated 
Fat

Mother/Infant  
Co-Sleeping Decreased Father Does More?

Increased “Sudden Infant 
Death”?

Reduced Chewing Easier 
Less Gingivitis

Dental Crowding 
Impacted MolarsToughness of Food

Consumption of 
Red Meat Marked Increase Nutritious, Satisfying

Carcinomas 
Atherosclerosis

Excessive Focus on 
Near Objects

Marked Increase 
Reading/Computers Cognitive Benefits Myopia

Gut Bacteria/Worms Reduction Lower parasite burden Crohn’s Disease?

Hygiene Improved Protection from Infections Increase in Allergies?

Dietary Soluble Fiber Reduced Chewing Easier 
Food Tastier

Irritable Bowel 
Colon Cancer

Consumption of starch Marked Increase Nutritious, Satisfying Insuline resistance

Examples of Changes in Modern Lifestyle/Biology in Relation to Disease

Varki A.: Nothing in Medicine Makes Sense, Except in the Light of 
Evolution. J. Mol. Med. 2012;5:481-494.

Post-Paleolithic Changes in Human, Diet, Activity & Disease

Are There  
Human-Specific Diseases? 



Criteria for a “Human Specific” Disease

Very common in humans but rarely reported in closely related 
species such as “Great Apes” (even in captivity) and/or could 
not be experimentally reproduced in such species 
(in the days when such studies were allowed).

Caveat: 
 Reliable information is limited to data on a few thousand 
“Great Apes” in captivity: 
 BUT 
cared for in NIH-funded facilities, with full veterinary care 
and thorough necropsies 

The Matrix of Comparative Anthropogeny (MOCA) The Matrix of Comparative Anthropogeny (MOCA), which is a collection of comparative information 
regarding humans and our closest evolutionary cousins, with an emphasis on uniquely human 
features. 

Matrix of Comparative Anthropogeny MOCA

 
This Domain lists topics relating to bodily structure as discovered 
by dissection, including skeletal and soft tissues, as well as topics 
relating to the movements of the organism.

 
This Domain lists topics related to Behavior, i.e., manner of 
conducting oneself in the external relations of life; demeanor, 
deportment, bearing, manners or the expression of an effort to adapt 
or adjust to different internal and external conditions.

 
This Domain lists topics dealing with composition and function of 
animal cells, with the substances present in living organisms and 
their relation to each other and to the life of the organism.

This Domain lists topics related to the set of abilities dealing with 
knowledge taken in its widest sense, including phenomena such 
as perception, attention, memory, learning, symbolization, 
conception, and communication.

 
This Domain lists topics dealing with the imparting, conveying, or 
exchanging of ideas, knowledge, information, etc. whether by 
vocalization, body movements, speech, or signs.

 
This Domain lists topics dealing with the distinctive ideas, 
customs, social behaviors, products, or way of life of societies, 
peoples, or periods, and their transmission across generations.



 
This Domain lists topics dealing with the teeth.

 
This Domain lists topics dealing with growth and unfolding of organs 
and organisms.

 
This Domain lists topics dealing with relationships between living 
organisms and their environment.

 
This Domain lists topics dealing with the physiology or study of the 
endocrine glands, having an internal secretion, which is poured 
into blood or lymph and acts at distance.

 
This Domain lists topics dealing with key maturational and 
reproductive characteristics defining the life course. The history of 
changes undergone by an organism from conception to death.

 
This Domain lists topics dealing with inherited variation in living 
organisms, and some of the genetic processes responsible for 
this.

Matrix of Comparative Anthropogeny MOCA cont’d

Matrix of Comparative Anthropogeny MOCA cont’d

 
This Domain lists topics dealing with the structure, function and 
evolution of genomes.

 
This Domain lists topics dealing with the structure and function of the 
immune system.

 
This Domain lists topics dealing with medicine, i.e., conditions 
requiring treatment or diagnosis by a physician.

 
This Domain lists topics dealing with temporary or permanent 
impairment of the mind due to inherited defect, injury, illness, or 
environment, usually needing special care or rehabilitation.

 
This Domain lists topics dealing with the structure or function of the 
nervous system.

 
This Domain lists topics dealing with the action or process of 
supplying, or of receiving, nourishment or food.

Matrix of Comparative Anthropogeny MOCA cont’d

 
This Domain lists topics dealing with the normal functioning of 
living organisms and their systems and organs.

 
This Domain lists topics dealing with the causes and nature of 
diseases and abnormal anatomical and physiological conditions.

 
This Domain lists topics dealing with drugs and their uses;  as 
well as the physiological response of an organ or its function to 
drugs or other pharmacologically active substances.

 
This Domain lists topics dealing with biological traits related to 
reproductive organs and systems, their function and diseases.

 
This Domain lists topics dealing with biological traits related to the 
integument (skin).

 
This Domain lists topics dealing with social groups, their sizes, 
composition, spatial distribution and relative stability.



Matrix of Comparative Anthropogeny MOCA Graphic Tools

Varki and Gagneux 2017 in On Human Nature

Major Causes of Death in Captive Adult Chimpanzees

 PFA1 
 1992-
2006  

SNPRC2 
 1982-
2006  

APF3 
 2001-
2006  

YNPRC4 
 1992-
2008  

Heart Disease  1 (14% )  30 (35% )  13 (36% )  21 (36% )  
Pneumonia  1  n.s .*  -  -  
Renal Disea s e  2  n . s .  9  9  
Traum a  -  n . s .  3  7  
Miscellaneo u s  4  5 7  1 1  2 1  
Total  7  8 7  3 6  5 8  
 * n.s. - not specified

1 PFA colony mortality data
2 Seiler et al., 2008 J Med Primatol
3 Lammey et al., 2008 J Med Primatol 37 Suppl 1: 39-434  

Varki N. et al Evolutionary Applications 2:101-112, 2009

 In the 1990sMy group happened to discover the first known genetic difference between humans and chimpanzees. Not knowing anything about 
our close establishing relatives I went on a sabbatical of the O'Keefe primate centerIn fond of the way usingHarrison's textbook of internal 
medicine, the same one I use for humans. When going over the textbook with the veterinarianI discovered something interesting, But not all the 
diseases were the same. But when it came to the commonest disease of all heart disease it seemed thatThis is a common cause of heart 
attacks and heart failure in both species.



Nissi Varki 
Professor of  
Pathology 

UC San Diego

Comparative Pathology

Fibrosis

Nissi Varki1, Dan Anderson2, James G. Herndon2, Tho Pham1, Christopher J Gregg1, Monica Cheriyan1, James Murphy3, Elizabeth Strobert2, Jo 
Fritz3, James G. Else2, Ajit Varki1 Evolutionary Applications 2:101-112, 2009 

Heart Disease is Common in Humans and Chimpanzees,  
But is Caused by Different Pathological Processes!

Interstitial Myocardial 
Fibrosis in “Great Apes”! 

Atherosclerosis

Atherosclerotic Coronary 
Blockage in Humans

It was not until Nissi Varki took a look at the pathology that she realized that while heart disease is 
common in both species it was caused by completely differentPathological processes.   While 
human heart showed the typical coronary blockageThat led to ischemic heart disease, 
chimpanzees and other apes that died ofHeart attacks and heart failure instead had a completely 
different pathology and interstitial fibrosis affecting the heart muscle

Interstitial Myocardial Fibrosis: a Major Problem in Captive “Great Apes”! It turned out that the veterinarians are well aware of this but had not previously reported.  Because 
they thought it would not be interesting as it was not like humans! Years later there is noFull 
recognition of this problem an entire project dedicated to understanding why great apes die of this 
mysterious disease



Two Mysteries to be Solved

Why do humans not often suffer 
from the fibrotic heart disease so 
common in our closest evolutionary 
cousins?  
Conversely, why do  
“Great Apes” not often have the 
kind of heart disease so common 
in humans?

Heart Disease is Common in Humans and Chimpanzees,  
But is Caused by Different Pathological Processes!

Each cell type has its own type of sugar coat (glycocalyx)

RBC

sperm

epithelium

leukocyte

Sialic acid abundant 
on all cell types! 

Sialic acid contribute to  
Self-Associated Molecular Patterns 
(SAMPs) 

How can these different cells 
signal to the immune system 
that they are “self”?

Different cell types have stage and cell type specific glycocalyx (sugar coat) compositions. In vertebrates, the glycocalyx has an outer most layer rich in sialic acid. 
Glycans convey information about cell type and about self/non-self simultaneously!

Sialic Acid

Σί⍺λος Blix, Gottschalk, & Klenk, NATURE 1957

Sialic Acids ( a common vertebrate molecule)

a.k.a. 
N-Acetylneuraminic acid

Collocalia esculenta 
Glossy swiftlet

Bos taurus Sus scrofa

Simultaneous discovery of sialic acids in saliva (saliva in Greek) and brain (Neuro..): thus sialic acid 
and N-Acetylneuraminic acid, swiftelets in Southeast Asia build their nests out of their own 
saliva.



The glycocalyx is like a cell-surface canopy, a molecular nano landscape

A kelp forest is actually a better analogy, as the glycans constantly move in a watery environment.

Varki A. 2007 Nature 

Sialic Acids: form the “outer edge” or molecular frontier 
on most Cell-Surface and Secreted Vertebrate Molecules

Vertebrate cells typically carry glycans that end with the monosaccharide sialic acid, also called N-
Acetylneuramninic acid.



Analogy for sialic acids, bobbing kelp tips in Pacific ocean.

Two Major Kinds of Sialic Acids on Mammalian Cells

Neu5Ac Neu5Gc

Modified from: Varki, A.  Nature 446: 1023-1029, 2007

1 Oxygen atom difference

Most mammals have two different kinds of silica acids capping most of the sugar chains (glycans) 
decorating the surface of every cell.

Neu5Gc on chimpanzee but not human sperm cells 

Ghaderi et al. PNAS, 2011
(detected with anti-Neu5Gc antibody)

What happens to chimpanzee 
sperm exposed to human body 
fluids?

D) Complement deposition (fluorescent anti-C3 antibody)

Illustration of species-specific “biochemical flavor”. Humans lack. endogenous Neu5Gc 
sialic acid. Antibodies specific for this non-human sugar are present in most humans.  
These antibodies can tag chimpanzee sperm for destruction. 



2mya

4mya

6mya

8mya

10mya

12mya
Muchmore, E.A., et al. (1998) Amer.J.Phys.Anthro.  

Chou,H.-H. et al. (1998) PNAS 
Hayakawa,T. et al. (2001) PNAS  

Chou et al. (2002) PNAS 
Hayakawa et al.(2006) Genetics 

CMAH gene Loss-of-function 
mutation caused loss of Neu5Gc 

timed by three methods: 
1. molecular clock 

2. coalescence 
3. Alu element

Human-specific loss of the sialic acid Neu5Gc ~2-3mya
Ac

Ac & Gc

Humans are knock-outs for CMAH enzyme and lack endogenous Neu5Gc

Altman and Gagneux 2019 Frontiers in Immunology

Watershed event: 
Loss of Neu5Gc and excess of Neu5Ac

Deletion of 478 pb 
in human genome 
including 92 bp of exon 6 
of the CMAH gene 

X

Modification of CMP-Neu5Ac to CMP-Neu5Gc. The enzyme CMAH, encoded by a single gene in 
all mammals, catalyzes the modification of Neu5Ac to Neu5Gc in the form of their sugar 
nucleotides, cytidine monophosphate (CMP). 

Watershed event: 
Loss of Neu5Gc and excess of Neu5Ac

Altman and Gagneux 2019 Frontiers in Immunology

modified from : Viitala, J, Järnefelt, J.  
The red cell surface revisisted.  
TIBS. 1985  

Humans make antibodies 
against  Neu5Gc! 

What would cause most 
humans to make antibodies 
against a molecule humans 
cannot make?

Exposure to cow-milk based 
formula and baby food 
containing red meat or dairy.

Due to the large number of sialic acids terminating many of the glycan chains on the glycocalyces 
of most cells, the loss of function of the CMAH gene leads to a drastic change in the molecular 
identity or “flavor” of the glycocalyx, as indicated by a small fraction of a red blood cell membrane, 



Altman and Gagneux 2019 Frontiers in Immunology

Parallel evolution and loss of an innate self-signal. 

~135 species

1 species

57 species 33 species

15 species

17 species

two lineages 
multiple species

1 species

Ng, et al. Nat Commun. 2014
Peri, et al. Genome Biol Evol. 2018

Springer et al.  Immunogenetics. 2014

Parallel evolution and loss of an innate self-signal. 
Minimum of 9 independent occurrences of loss of CMAH gene function during mammals evolution! 
 Humans cannot synthesize Neu5Gc, because human CMAH was inactivated over two million 
years ago (red). The inactivating mutation apparently fixed rapidly after originating, which suggests 
that the loss could have been adaptive — driven by pathogen avoidance, reproductive conflict, or a 
combination of the two. Independent losses of Cmah function have recently been found in New 
World Primates, Mustelids and several other groups. Figure modified from Springer and Gagneux 
2016. In some lineages, such as bats and toothed whales, only certain species lost the capacity to 
make Neu5Gc (indicated by lines that are both blue and red).

Some Pathogens/Toxins with Preference for Binding Neu5Gc

Plasmodium Reichenowi (“Great Ape” Malaria) 
SV-40 Virus (Oncogenic in Nonhuman Primates)  
E. coli K99 (Gastroenteritis in Livestock) 
Transmissible Gastroenteritis Coronavirus (Livestock) 
Some Animal Influenza Viruses 
Feline and Caninine Parvoviruses 
E. coli SubAB toxin (but causes disease in humans who eat red 
meat!)

Phenotypes of Human-like Cmah null Neu5Gc-deficient Mice
(Click on Journal Links in slide display mode for pdfs).     	 	        

• Human-like Delayed Wound-healing: Mechanisms? Mol. Cell. Biol., 27:4340, 2007 (R.Gallo, UCSD, no followup) 
• Human-like Age-dependent Hearing Loss: Mechanisms? Mol. Cell. Biol., 27:4340, 2007 (A.Ryan, UCSD, no followup) 
• Human-like Enhanced Cancer Progression: Inflammation of Tumors with incorporated dietary Neu5Gc by Anti-Neu5Gc Antibodies (“xenosialitis”) 	  	 	     

PNAS, 105:18936, 2008; PNAS 112:542-7, 2015. (follow-up by Fred Da Silva, Univ Sao Paolo, using CRC mouse model) 
• Human-like Partial Resistance to E.coli SubAB Toxin. Nature. 456:648, 2008 (A & J Paton, U. Adelaide) 
• Human-like B cell Over-Reactivity: reduced CD22/Siglec-G ligands? J. Exp. Med. 206:125, 2009 (S. Pillai, MGH). 
• Human-like Insulin resistance  (variable: affected by diet and/or microbiome?) FASEB J. 25:1887, 2011. (J. Kim, UC San Diego) 
• Human-like Altered Fertility by anti-Neu5Gc Antibodies. Relationship to origins of genus Homo? PNAS 108: 8, 2011. (P. Gagneux, UC San Diego)* 
• Human-like Induction of Anti-Neu5Gc Antibodies: Novel Mechanism Involving Dietary Neu5Gc and H. influenzae) 	 	 	 	 	     

J. Exp. Med.,207:1637, 2010 (R. Sorensen, J.Inostroza) 
• Enhanced Clearance of Neu5Gc-bearing Human Biotherapeutics Due to Complexes with Anti-Neu5Gc Antibodies Nat. Biotechnol., 28:863, 2010  
• Human-like Over-reactivity of T Cells J. Immunol., 191: 228, 2013. (K. High, U Penn, no followup) 
• Human-like Phenotype of Muscular Dystrophies. Macrophage overactivity? Loss of Optimal Ligands for Laminins/Agrins?  Anti-Neu5Gc Antibodies?) Sci. Transl. Med., 2:42-54, 

2010; Glycobiology, 23:833-843. 2013. (P. Martin, Ohio State no followup) 
• Human-like Sensitivity to Typhoid Toxin. Cell. 159:1290, 2014, Nat Microbiol. 2:1592-1599. 2017 (J. Galan, Yale)  
• Human-like Sensitivity to Pneumococcus Cell Host Microbe. 20:307, 2016 (B.Henriques-Normark,Karolinska) 
• Human-like LPS overreactivity and Enhanced Phagocytosis by Monocytes/Macrophages J. Immunol 198:2366, 2017 (P.Martin, OSU, C.Glass, UCSD) 
• Human-like Sensitivity to Vibrio cholerae Neuraminidase and Cholera Toxin PLoS Pathogens, 14:e1007133. 2018 (K. Barrett, V. Nizet, UCSD) 
• Human-like Endurance Running phenotype Proc Royal Soc B Sep 12;285(1886). pii: 20181656. doi: 10.1098/rspb.2018.1656 (Ellen Breen, UCSD)* 
• Human-like Enhancement of endothelial activation in vitro by Neu5Gc and anti-Neu5Gc Antibodies Blood 114:5225-5235, 2009 (J.Witztum, UCSD).  
• Human-like Enhancement of atherosclerosis progression. Multiple intrinsic mechanisms and “xenosialitis” by dietary Neu5Gc and anti-Neu5Gc Antibodies  
• (PNAS, 116:16036-16045. 2019) (with P. Gordts, UCSD)* 
• Human-like Microbiota expressing Neu5Gc-preferring sialidases induced by Neu5Gc-rich diet Nat Microbiol.2082-2089, 2019 (with K. Zengler, UCSD)*



Multiple (and Mutually Non-exclusive) Mechanisms Potentially 
Contributing to Biological Impact of Neu5Gc loss in Cmah null Mice (and Humans)

Biophysics 
• Loss of millions of hydrophilic cell surface Neu5Gc hydroxyl groups (replaced by hydrophobic acetyl groups on 

Neu5Ac) – are cell surfaces of humans and Cmah null mice more hydrophobic than chimpanzee or WT 
counterparts?  

• Likely global changes in cell surface biophysics, which could have ramifications on cell surface receptor 
localization, clustering, and signaling. 

Receptor Biology 
• Neu5Gc loss could potentially reduce cell surface (Neu1) neuraminidase activity.  Reports implicate NEU1 as a 

regulator of signaling responses, and Neu1 prefers Neu5Ac to Neu5Gc, in some linkages.  
Metabolism 

• Cytosolic degradation of excess Neu5Gc generates glycolate (instead of acetate from Neu5Ac breakdown), 
possibility of altered cell metabolome.  

• Enyzmatic mechanism of CMAH consumes NADH to generate more NAD+? 
Transcription 

• RNAseq data implicated CREB1, C/EBPa and C/EBPb as candidate transcription factors affected by Cmah loss.  
Target genes include IL-6. 

Immunology 
• Altered Recognition by Immunoregulatory Siglecs  with Neu5Ac versus Neu5Gc binding preference. 
• Anti-Neu5Gc antibodies interact with metabolically incorporated Neu5Gc principally derived from dietary red 

meats, to cause inflammation (“xenosialitis”)

“Definite”? Possible Mechanisms (Defined/Potential Role(s) of Sia Biology)

Myocardial Infarction (Coronary Thrombosis) 
 

Altered Lipoprotein Metabolism? Neu5Gc loss increases macrophage reactivity.  Dietary 
Neu5Gc-induced xenosialitis contributes to inflammation? Insulin Resistance?

Malignant Malaria (P. Falciparum) Merozoite stage EBA175 preferentially recognizes Neu5Ac-rich human binding sites on 
erythrocytes in the bloodstream to initiate infection.

Typhoid Fever (Salmonella Typhi) Typhoid toxin preferentially binds Neu5Ac-rich human cells, mediating symptoms. 
Phagolysosomal Neu5Ac also required for toxin secretion

Cholera (Vibrio Cholerae) Neu5Gc inhibition of neuraminidase action and of toxin-mediated intestinal fluid efflux.
Mumps (Epidemic Parotitis) Hemagglutinin binds Alpha2-3-linked sialic acid containing targets
Whooping Cough (Pertussis/Diphtheria) Diphtheria toxin binds sialic acid containing targets, also has trans-sialidase
Measles (Rubeola) SLAM and CD46 receptors, no sialic acid involvement?
German Measles (Rubella) Myelin oligodendrocyte glycoprotein (MOG) is receptor, no sialic acid involvement?
Smallpox (Variola) ??
Poliomyelitis ??
Pneumococcal infections Sialidase NanA/transporter SatABC upregulated by Neu5Ac >> Neu5Gc via activation of 

response regulator CiaR, generating a vicious cycle with sialidase production.
Gonorrhea (Neisseria Gonorrhoea) Surface Lst uses host CMP-Neu5Ac to sialylate LOS, restricting complement activation 

and antibody recognition, and engaging host inhibitory Siglecs. Porin also engages 
Siglecs.

Group B Streptococcal Infections Neu5Ac-terminated capsular polysaccharide restricts complement activation and antibody 
recognition, and engages host inhibitory Siglecs.

E. coli K1 Septicemia/Meningitis 
Meningococcal Meningitis

Neu5Ac-polysialic acid capsular polysaccharide restricts complement activation and 
antibody recognition, and engages host inhibitory Siglecs in brain (microglia).

Non-typeable Hemophilus Influenzae 
infections

Selective Neu5Ac uptake/incorporation into LOS restricts complement activation and 
antibody recognition, and engages host inhibitory Siglecs?

Missing Endemic Transmissible Retroviral 
Infections  e.g., Spumaviruses

Mechanism unknown.  Bottleneck associated with purging of such endemic viruses from 
the hominin lineage? Anti-Neu5Gc antibodies? No sialic acid involvement?

Type 1 Diabetes? Autoimmune attack on islets.  Possible role of Siglec-7 in protection?
Rheumatoid Arthritis? Autoimmune attack on synovium.  Aggravation by Neu5Gc in red meat? Dietary Neu5Gc-

induced xenosialitis contributes to inflammation?

Candidates for “Human-Specific” Diseases
 one can divide such diseasesEnter definite probable and possible. Time only allows me to consider few of them

“Definite”? Possible Mechanisms (Defined/Potential Role(s) of Sia Biology)

Myocardial Infarction (Coronary Thrombosis) 
 

Altered Lipoprotein Metabolism? Neu5Gc loss increases macrophage reactivity.  Dietary 
Neu5Gc-induced xenosialitis contributes to inflammation? Insulin Resistance?

Malignant Malaria (P. Falciparum) Merozoite stage EBA175 preferentially recognizes Neu5Ac-rich human binding sites on 
erythrocytes in the bloodstream to initiate infection.

Typhoid Fever (Salmonella Typhi) Typhoid toxin preferentially binds Neu5Ac-rich human cells, mediating symptoms. 
Phagolysosomal Neu5Ac also required for toxin secretion

Cholera (Vibrio Cholerae) Neu5Gc inhibition of neuraminidase action and of toxin-mediated intestinal fluid efflux.

Mumps (Epidemic Parotitis) Hemagglutinin binds Alpha2-3-linked sialic acid containing targets
Whooping Cough (Pertussis/Diphtheria) Diphtheria toxin binds sialic acid containing targets, also has trans-sialidase
Measles (Rubeola) SLAM and CD46 receptors, no sialic acid involvement?
German Measles (Rubella) Myelin oligodendrocyte glycoprotein (MOG) is receptor, no sialic acid involvement?

Smallpox (Variola) ??
Poliomyelitis ??
Pneumococcal infections Sialidase NanA/transporter SatABC upregulated by Neu5Ac >> Neu5Gc via activation of 

response regulator CiaR, generating a vicious cycle with sialidase production.
Gonorrhea (Neisseria Gonorrhoea) Surface Lst uses host CMP-Neu5Ac to sialylate LOS, restricting complement activation and 

antibody recognition, and engaging host inhibitory Siglecs. Porin also engages Siglecs.
Group B Streptococcal Infections Neu5Ac-terminated capsular polysaccharide restricts complement activation and antibody 

recognition, and engages host inhibitory Siglecs.
E. coli K1 Septicemia/Meningitis 
Meningococcal Meningitis

Neu5Ac-polysialic acid capsular polysaccharide restricts complement activation and antibody 
recognition, and engages host inhibitory Siglecs in brain (microglia).

Non-typeable Hemophilus Influenzae infections Selective Neu5Ac uptake/incorporation into LOS restricts complement activation and antibody 
recognition, and engages host inhibitory Siglecs?

Missing Endemic Transmissible Retroviral 
Infections  e.g., Spumaviruses

Mechanism unknown.  Bottleneck associated with purging of such endemic viruses from the 
hominin lineage? Anti-Neu5Gc antibodies? No sialic acid involvement?

Type 1 Diabetes? Autoimmune attack on islets.  Possible role of Siglec-7 in protection?
Rheumatoid Arthritis? Autoimmune attack on synovium.  Aggravation by Neu5Gc in red meat? Dietary Neu5Gc-

induced xenosialitis contributes to inflammation?

Spontaneous coronary thrombosis 
due to atherosclerosis seems to be 
very rare in other animals - in the 
absence of experimental genetic or 
dietary manipulations

Possible human-specific mechanisms: 
- behavioral and dietary changes associated with 

“civilization”. 
- Amino acid changes resulting in derived 

proatherogenic human forms of APOE4 and  Lp(a).  
- Genetic loss of CMAH: hyperactive innate immune 

cells and effects of red meat consumption.  

Candidates for “Human-Specific” Diseases
 one can divide such diseasesEnter definite probable and possible. Time only allows me to consider few of them



Neu5Gc Loss in Humans̴̴̴̴̴
̴̴̴̴̴̴̴̴̴̴̴̴  

Increased Reactivity of Macrophages̴̴̴̴̴̴̴̴
̴̴̴̴̴̴̴̴̴  

Hyperglycemia̴̴̴̴̴
̴̴̴̴̴̴̴̴̴̴̴̴
  

Neu5Gc Rich Food Intake (Red Meat)̴̴̴̴̴̴̴̴
̴̴̴̴̴ 

Metabolic Neu5Gc Incorporation 
(Xenoantigen)̴̴̴̴̴̴̴̴̴̴̴̴ 

Diabetes̴̴̴̴̴
̴̴̴̴̴̴̴̴̴
̴̴̴  

Anti-Neu5Gc Antibodies 
(Xenoautoantibodies)̴̴̴̴̴̴

̴̴̴̴̴̴ 

Increased Uptake of LDL̴̴̴̴̴̴̴̴̴̴̴
̴̴̴̴̴̴  

Increased Reactivity of T cells and B cells̴̴̴̴̴̴̴̴̴̴̴̴̴̴̴̴̴  
Atherosclerosis Acceleration  

in Humans ̴̴̴̴̴̴̴̴̴̴̴̴̴̴
̴̴̴  

CMAH

Neu5Ac

Neu5Gc

Human  
Inactivation

“Xenosialitis”̴̴̴̴
̴̴̴̴̴̴̴̴̴ 

Chronic Inflammation ̴̴̴̴̴
̴̴̴̴̴̴̴̴̴̴̴  

Multiple 
Acceleration 

Factors̴̴̴̴̴̴̴
̴̴̴̴̴̴̴̴  

Kawanishi et al. Human species-specific loss of CMP-N-acetylneuraminic acid hydroxylase enhances 
atherosclerosis via intrinsic and extrinsic mechanisms Proc. Natl. Acad. Sci. USA.106: 2019. 

Cardio vascular disease?

“Definite”? Possible Mechanisms (Defined/Potential Role(s) of Sia Biology)

Myocardial Infarction (Coronary Thrombosis) 
 

Altered Lipoprotein Metabolism? Neu5Gc loss increases macrophage reactivity.  Dietary Neu5Gc-
induced xenosialitis contributes to inflammation? Insulin Resistance?

Malignant Malaria (P. Falciparum) Merozoite stage EBA175 preferentially recognizes Neu5Ac-rich human binding sites on erythrocytes 
in the bloodstream to initiate infection.

Typhoid Fever (Salmonella Typhi) Typhoid toxin preferentially binds Neu5Ac-rich human cells, mediating symptoms. 
Phagolysosomal Neu5Ac also required for toxin secretion

Cholera (Vibrio Cholerae) Neu5Gc inhibition of neuraminidase action and of toxin-mediated intestinal fluid efflux.
Mumps (Epidemic Parotitis) Hemagglutinin binds Alpha2-3-linked sialic acid containing targets
Whooping Cough (Pertussis/Diphtheria) Diphtheria toxin binds sialic acid containing targets, also has trans-sialidase
Measles (Rubeola) SLAM and CD46 receptors, no sialic acid involvement?
German Measles (Rubella) Myelin oligodendrocyte glycoprotein (MOG) is receptor, no sialic acid involvement?
Smallpox (Variola) ??
Poliomyelitis ??
Pneumococcal infections Sialidase NanA/transporter SatABC upregulated by Neu5Ac >> Neu5Gc via activation of response 

regulator CiaR, generating a vicious cycle with sialidase production.
Gonorrhea (Neisseria Gonorrhoea) Surface Lst uses host CMP-Neu5Ac to sialylate LOS, restricting complement activation and antibody 

recognition, and engaging host inhibitory Siglecs. Porin also engages Siglecs.
Group B Streptococcal Infections Neu5Ac-terminated capsular polysaccharide restricts complement activation and antibody recognition, 

and engages host inhibitory Siglecs.
E. coli K1 Septicemia/Meningitis 
Meningococcal Meningitis

Neu5Ac-polysialic acid capsular polysaccharide restricts complement activation and antibody 
recognition, and engages host inhibitory Siglecs in brain (microglia).

Non-typeable Hemophilus Influenzae infections Selective Neu5Ac uptake/incorporation into LOS restricts complement activation and antibody 
recognition, and engages host inhibitory Siglecs?

Missing Endemic Transmissible Retroviral 
Infections  e.g., Spumaviruses

Mechanism unknown.  Bottleneck associated with purging of such endemic viruses from the hominin 
lineage? Anti-Neu5Gc antibodies? No sialic acid involvement?

Type 1 Diabetes? Autoimmune attack on islets.  Possible role of Siglec-7 in protection?
Rheumatoid Arthritis? Autoimmune attack on synovium.  Aggravation by Neu5Gc in red meat? Dietary Neu5Gc-induced 

xenosialitis contributes to inflammation?

(Horrible!) Studies done in 1920-40s 
• Two-way cross-transfusions between 

Chimpanzees and Humans infected or 
non-infected with malaria. 

• No evidence of cross-infection! 
• Conclusion: parasites look the same, 

but are different.

Candidates for “Human-Specific” Diseases
 malignant malaria caused the Plasmodium falciparumIs a uniquely human disease

“Definite”? Possible Mechanisms (Defined/Potential Role(s) of Sia Biology)

Myocardial Infarction (Coronary Thrombosis) 
 

Altered Lipoprotein Metabolism? Neu5Gc loss increases macrophage reactivity.  Dietary 
Neu5Gc-induced xenosialitis contributes to inflammation? Insulin Resistance?

Malignant Malaria (P. Falciparum) Merozoite stage EBA175 preferentially recognizes Neu5Ac-rich human binding sites on 
erythrocytes in the bloodstream to initiate infection.

Typhoid Fever (Salmonella Typhi) Typhoid toxin preferentially binds Neu5Ac-rich human cells, mediating symptoms. 
Phagolysosomal Neu5Ac also required for toxin secretion

Cholera (Vibrio Cholerae) Neu5Gc inhibition of neuraminidase action and of toxin-mediated intestinal fluid efflux.
Mumps (Epidemic Parotitis) Hemagglutinin binds Alpha2-3-linked sialic acid containing targets
Whooping Cough (Pertussis/Diphtheria) Diphtheria toxin binds sialic acid containing targets, also has trans-sialidase
Measles (Rubeola) SLAM and CD46 receptors, no sialic acid involvement?
German Measles (Rubella) Myelin oligodendrocyte glycoprotein (MOG) is receptor, no sialic acid involvement?
Smallpox (Variola) ??
Poliomyelitis ??
Pneumococcal infections Sialidase NanA/transporter SatABC upregulated by Neu5Ac >> Neu5Gc via activation of 

response regulator CiaR, generating a vicious cycle with sialidase production.
Gonorrhea (Neisseria Gonorrhoea) Surface Lst uses host CMP-Neu5Ac to sialylate LOS, restricting complement activation and 

antibody recognition, and engaging host inhibitory Siglecs. Porin also engages Siglecs.
Group B Streptococcal Infections Neu5Ac-terminated capsular polysaccharide restricts complement activation and antibody 

recognition, and engages host inhibitory Siglecs.
E. coli K1 Septicemia/Meningitis 
Meningococcal Meningitis

Neu5Ac-polysialic acid capsular polysaccharide restricts complement activation and antibody 
recognition, and engages host inhibitory Siglecs in brain (microglia).

Non-typeable Hemophilus Influenzae infections Selective Neu5Ac uptake/incorporation into LOS restricts complement activation and antibody 
recognition, and engages host inhibitory Siglecs?

Missing Endemic Transmissible Retroviral 
Infections  e.g., Spumaviruses

Mechanism unknown.  Bottleneck associated with purging of such endemic viruses from the 
hominin lineage? Anti-Neu5Gc antibodies? No sialic acid involvement?

Type 1 Diabetes? Autoimmune attack on islets.  Possible role of Siglec-7 in protection?
Rheumatoid Arthritis? Autoimmune attack on synovium.  Aggravation by Neu5Gc in red meat? Dietary Neu5Gc-

induced xenosialitis contributes to inflammation?

P. Falciparum arose from P. reichenowi by a Single 
Transfer from Great Apes!

Hominidae

Other 
Primate

Rodent

Avian

Rich et al. Proc. Natl. Acad. Sci. USA.106: 2009. 

Candidates for “Human-Specific” Diseases
 malignant malaria caused the Plasmodium falciparumIs a uniquely human disease



Human-specific Evolution of Sialic Acid Targets:  
Explaining the P. falciparum “Malignant Malaria” Mystery?

Varki, A and Gagneux, P. Proc. Natl. Acad. Sci. USA.106:14739, 2009 
Based on 

Martin et al. Proc.Nat'l.Acad.Sci.U.S.A. 36:12819, 2005 

Rich et al. Proc. Natl. Acad. Sci. USA.106: 2009 

“Definite”? Possible Mechanisms (Defined/Potential Role(s) of Sia Biology)

Myocardial Infarction (Coronary Thrombosis) 
 

Altered Lipoprotein Metabolism? Neu5Gc loss increases macrophage reactivity.  Dietary Neu5Gc-
induced xenosialitis contributes to inflammation? Insulin Resistance?

Malignant Malaria (P. Falciparum) Merozoite stage EBA175 preferentially recognizes Neu5Ac-rich human binding sites on erythrocytes in 
the bloodstream to initiate infection.

Typhoid Fever (Salmonella Typhi) Typhoid toxin preferentially binds Neu5Ac-rich human cells, mediating symptoms. 
Phagolysosomal Neu5Ac also required for toxin secretion

Cholera (Vibrio Cholerae) Neu5Gc inhibition of neuraminidase action and of toxin-mediated intestinal fluid efflux.
Mumps (Epidemic Parotitis) Hemagglutinin binds Alpha2-3-linked sialic acid containing targets
Whooping Cough (Pertussis/Diphtheria) Diphtheria toxin binds sialic acid containing targets, also has trans-sialidase
Measles (Rubeola) SLAM and CD46 receptors, no sialic acid involvement?
German Measles (Rubella) Myelin oligodendrocyte glycoprotein (MOG) is receptor, no sialic acid involvement?
Smallpox (Variola) ??
Poliomyelitis ??
Pneumococcal infections Sialidase NanA/transporter SatABC upregulated by Neu5Ac >> Neu5Gc via activation of response 

regulator CiaR, generating a vicious cycle with sialidase production.
Gonorrhea (Neisseria Gonorrhoea) Surface Lst uses host CMP-Neu5Ac to sialylate LOS, restricting complement activation and antibody 

recognition, and engaging host inhibitory Siglecs. Porin also engages Siglecs.
Group B Streptococcal Infections Neu5Ac-terminated capsular polysaccharide restricts complement activation and antibody recognition, 

and engages host inhibitory Siglecs.
E. coli K1 Septicemia/Meningitis 
Meningococcal Meningitis

Neu5Ac-polysialic acid capsular polysaccharide restricts complement activation and antibody 
recognition, and engages host inhibitory Siglecs in brain (microglia).

Non-typeable Hemophilus Influenzae infections Selective Neu5Ac uptake/incorporation into LOS restricts complement activation and antibody 
recognition, and engages host inhibitory Siglecs?

Missing Endemic Transmissible Retroviral Infections  
e.g., Spumaviruses

Mechanism unknown.  Bottleneck associated with purging of such endemic viruses from the hominin 
lineage? Anti-Neu5Gc antibodies? No sialic acid involvement?

Type 1 Diabetes? Autoimmune attack on islets.  Possible role of Siglec-7 in protection?

Rheumatoid Arthritis? Autoimmune attack on synovium.  Aggravation by Neu5Gc in red meat? Dietary Neu5Gc-induced 
xenosialitis contributes to inflammation?

More Horrible Studies done in 1960s 
Large doses of Salmonella typhi did not result in 
severe and complicated forms of typhoid fever in 
chimpanzees. 
Survival of S.typhi in infected chimpanzees limited in 
time as well as sites affected. 
Chimpanzees less sensitive to the typhoid toxin than 
humans.

Candidates for “Human-Specific” Diseases

Typhoid Toxin Cannot Recognize  
the Non-human/Chimpanzee Sialic Acid Neu5Gc

Deng et al. Cell. 159:1290, 2014.

Glycan array: synthetic sugar chains of defined composition printed on a glass slide allow testing 
different toxins, bacteria, viruses and even human proteins for their affinity to defined glycans.



Deng et al. Cell. 159:1290, 2014.

Candidates for “Human-Specific” Diseases

“Definite”? Possible Mechanisms (Defined/Potential Role(s) of Sia Biology)

Myocardial Infarction (Coronary Thrombosis) 
 

Altered Lipoprotein Metabolism? Neu5Gc loss increases macrophage reactivity.  Dietary Neu5Gc-
induced xenosialitis contributes to inflammation? Insulin Resistance?

Malignant Malaria (P. Falciparum) Merozoite stage EBA175 preferentially recognizes Neu5Ac-rich human binding sites on erythrocytes 
in the bloodstream to initiate infection.

Typhoid Fever (Salmonella Typhi) Typhoid toxin preferentially binds Neu5Ac-rich human cells, mediating symptoms. 
Phagolysosomal Neu5Ac also required for toxin secretion

Cholera (Vibrio Cholerae) Neu5Gc inhibition of neuraminidase action and of toxin-mediated intestinal fluid efflux.

Mumps (Epidemic Parotitis) Hemagglutinin binds Alpha2-3-linked sialic acid containing targets
Whooping Cough (Pertussis/Diphtheria) Diphtheria toxin binds sialic acid containing targets, also has trans-sialidase
Measles (Rubeola) SLAM and CD46 receptors, no sialic acid involvement?
German Measles (Rubella) Myelin oligodendrocyte glycoprotein (MOG) is receptor, no sialic acid involvement?
Smallpox (Variola) ??
Poliomyelitis ??
Pneumococcal infections Sialidase NanA/transporter SatABC upregulated by Neu5Ac >> Neu5Gc via activation of response 

regulator CiaR, generating a vicious cycle with sialidase production.
Gonorrhea (Neisseria Gonorrhoea) Surface Lst uses host CMP-Neu5Ac to sialylate LOS, restricting complement activation and 

antibody recognition, and engaging host inhibitory Siglecs. Porin also engages Siglecs.
Group B Streptococcal Infections Neu5Ac-terminated capsular polysaccharide restricts complement activation and antibody 

recognition, and engages host inhibitory Siglecs.
E. coli K1 Septicemia/Meningitis 
Meningococcal Meningitis

Neu5Ac-polysialic acid capsular polysaccharide restricts complement activation and antibody 
recognition, and engages host inhibitory Siglecs in brain (microglia).

Non-typeable Hemophilus Influenzae infections Selective Neu5Ac uptake/incorporation into LOS restricts complement activation and antibody 
recognition, and engages host inhibitory Siglecs?

Missing Endemic Transmissible Retroviral 
Infections  e.g., Spumaviruses

Mechanism unknown.  Bottleneck associated with purging of such endemic viruses from the 
hominin lineage? Anti-Neu5Gc antibodies? No sialic acid involvement?

Type 1 Diabetes? Autoimmune attack on islets.  Possible role of Siglec-7 in protection?
Rheumatoid Arthritis? Autoimmune attack on synovium.  Aggravation by Neu5Gc in red meat? Dietary Neu5Gc-induced 

xenosialitis contributes to inflammation?

V. cholerae does not induce diarrhea in adult 
mammals other than humans.

     Robert Koch (1884) British Medical Journal: 

 “…although these experiments were constantly repeated 

with material from fresh cholera cases, our mice remained 

healthy. We then made experiments on monkeys, cats, 

poultry, dogs and various other animals […] but we were 

never able to arrive at anything in animals similar to the 

cholera process” 

Candidates for “Human-Specific” Diseases

V. Cholerae uses Neuraminidase 
to generate GM1 from complex 
ganglioside mixture

V. cholerae Neuraminidase Digests down Complex Intestinal 
Gangliosides to GM1 –– the Cholera Toxin Ligand!

V. cholerae Neuraminidase Works much 
slower on Neu5Gc-containing glycans

Cholera toxin binds to 
 the GM1 ganglioside

As I said, Ctx binds to the ganglioside GM1, but, GM1 is not present em high levels in the intestine mucosa. Instead, the most abundant 
gangliosides are on this order, GM3 (~80%), GD1b, GT1b and GQ1b. If we look carefully to the ganglioside structures, we can see that they 
have a conserved core with Glc, Galactose, GalNAc and Galactose, only differing by how many units of sialic acid they present. Here is when 
the bacteria Neuraminidase comes to the scene. The bacteria uses VcN to generate GM1 structures from the Polysialogangliosides. 



Cholera Toxin induces higher fluid accumulation and Cl- ion secretion  
in small intestine of human-like Neu5Gc-deficient Cmah-/- mice.

WT Cmah-/-

CFTR= Cystic Fibrosis Transmembrane Regulator! 
Need to study Cmah-/- CFTR -/- mice!

A second as yet unexplained mechanism involving 
CFTR

“Definite”? Possible Mechanisms (Defined/Potential Role(s) of Sia Biology)

Myocardial Infarction (Coronary Thrombosis) 
 

Altered Lipoprotein Metabolism? Neu5Gc loss increases macrophage reactivity.  Dietary Neu5Gc-induced 
xenosialitis contributes to inflammation? Insulin Resistance?

Malignant Malaria (P. Falciparum) Merozoite stage EBA175 preferentially recognizes Neu5Ac-rich human binding sites on erythrocytes in 
the bloodstream to initiate infection.

Typhoid Fever (Salmonella Typhi) Typhoid toxin preferentially binds Neu5Ac-rich human cells, mediating symptoms. 
Phagolysosomal Neu5Ac also required for toxin secretion

Cholera (Vibrio Cholerae) Neu5Gc inhibition of neuraminidase action and of toxin-mediated intestinal fluid efflux.
Mumps (Epidemic Parotitis) Hemagglutinin binds Alpha2-3-linked sialic acid containing targets
Whooping Cough (Pertussis/Diphtheria) Diphtheria toxin binds sialic acid containing targets, also has trans-sialidase
Measles (Rubeola) SLAM and CD46 receptors, no sialic acid involvement?
German Measles (Rubella) Myelin oligodendrocyte glycoprotein (MOG) is receptor, no sialic acid involvement?
Smallpox (Variola) ??
Poliomyelitis ??
Pneumococcal infections Sialidase NanA/transporter SatABC upregulated by Neu5Ac >> Neu5Gc via activation of response 

regulator CiaR, generating a vicious cycle with sialidase production.
Gonorrhea (Neisseria Gonorrhoea) Surface Lst uses host CMP-Neu5Ac to sialylate LOS, restricting complement activation and antibody 

recognition, and engaging host inhibitory Siglecs. Porin also engages Siglecs.
Group B Streptococcal Infections Neu5Ac-terminated capsular polysaccharide restricts complement activation and antibody recognition, 

and engages host inhibitory Siglecs.
E. coli K1 Septicemia/Meningitis 
Meningococcal Meningitis

Neu5Ac-polysialic acid capsular polysaccharide restricts complement activation and antibody recognition, 
and engages host inhibitory Siglecs in brain (microglia).

Non-typeable Hemophilus Influenzae infections Selective Neu5Ac uptake/incorporation into LOS restricts complement activation and antibody 
recognition, and engages host inhibitory Siglecs?

Missing Endemic Transmissible Retroviral Infections  
e.g., Spumaviruses

Mechanism unknown.  Bottleneck associated with purging of such endemic viruses from the hominin 
lineage? Anti-Neu5Gc antibodies? No sialic acid involvement?

Type 1 Diabetes? Autoimmune attack on islets.  Possible role of Siglec-7 in protection?
Rheumatoid Arthritis? Autoimmune attack on synovium.  Aggravation by Neu5Gc in red meat? Dietary Neu5Gc-induced 

xenosialitis contributes to inflammation?

“Molecular Mimicry” 
Bacterial Capsule Sialic Acids Perfectly 
Mimic Common Motifs on Sialoglycans 
of Mammalian Cells

Candidates for “Human-Specific” Diseases

Candidates for “Human-Specific” Diseases

Probable Possible Mechanisms (Defined/Potential Role(s) of Sialic Acid Biology)

Human-Influenza A infections Selective Recognition by Hemagglutinin of alphaNeu5Ac2-6LacNAc binding sites, which are 
enriched in human upper airway epithelium.

Alzheimer’s Disease Age Dependency? Human-specific up-regulation of CD33/Siglec-3 in microglia suppresses uptake 
and clearance of neurotoxic amyloid?

Carcinoma (Cancers of Epithelial Origin) Dietary Neu5Gc induced xenosialitis contributes to inflammation-related carcinoma progression?

Rapid Progression of HIV Infection to AIDS Decreased expression of Inhibitory Siglecs and Neu5Gc loss on CD4+ T cells contributes to 
proliferative and apoptotic responses to HIV infection.

Hepatitis B/C Complications (Cirrhosis, Cancer) Decreased expression of Inhibitory Siglecs and Neu5Gc loss on CD4+ T cells contributes to 
enhanced inflammation, fibrosis and carcinogenesis?

Muscular Dystrophy Severity Loss of Neu5Gc in skeletal muscle enhances dystrophic damage:  primary effect on muscle 
function and/or dietary Neu5Gc induced xenosialitis?

Preeclampsia (Pregnancy-induced Hypertension, 
PIH)

Uniquely human Siglec-6 expression on placental trophoblast, enhanced expression in 
Preeclampsia : and/or dietary Neu5Gc induced xenosialitis?

Possible 
 

Frequency of Early Fetal Wastage? Concealed Evolution?

Frequency of Premature Labor and Birth Siglec-5/14 expression on amniotic epithelium, binding sites for some group B strep

Frequency of Chronic Female Iron Deficiency Increased Menstrual Blood loss per cycle?

Bronchial Asthma? Altered Th1/Th2 balance due to cleanliness? Decreased expression of Inhibitory Siglecs and 
Neu5Gc loss on CD4+ T cells contributes to inflammation?

Hydatidform Molar Pregnancy? PolySia Overexpression?

Schizophrenia Human-specific change in ST8Sia2? 

Bipolar Disorders Human-specific change in ST8Sia2? 

Autism Spectrum Disorders Human-specific change in ST8Sia2?

Polycystic Ovarian Disease (PCOS) Altered Siglec-11 and Siglec-11 ligand expression in Ovarian macrophages and fibroblasts?



Probable Possible Mechanisms (Defined/Potential Role(s) of Sialic Acid Biology)

Human-Influenza A infections Selective Recognition by Hemagglutinin of alphaNeu5Ac2-6LacNAc binding sites, which 
are enriched in human upper airway epithelium.

Alzheimer’s Disease Age Dependency? Human-specific up-regulation of CD33/Siglec-3 in microglia 
suppresses uptake and clearance of neurotoxic amyloid?

Carcinoma (Cancers of Epithelial Origin) Dietary Neu5Gc induced xenosialitis contributes to inflammation-related carcinoma 
progression?

Rapid Progression of HIV Infection to AIDS Decreased expression of Inhibitory Siglecs and Neu5Gc loss on CD4+ T cells contributes 
to proliferative and apoptotic responses to HIV infection.

Hepatitis B/C Complications (Cirrhosis, Cancer) Decreased expression of Inhibitory Siglecs and Neu5Gc loss on CD4+ T cells contributes 
to enhanced inflammation, fibrosis and carcinogenesis?

Muscular Dystrophy Severity Loss of Neu5Gc in skeletal muscle enhances dystrophic damage:  primary effect on 
muscle function and/or dietary Neu5Gc induced xenosialitis?

Preeclampsia (Pregnancy-induced Hypertension, 
PIH)

Uniquely human Siglec-6 expression on placental trophoblast, enhanced expression in 
Preeclampsia : and/or dietary Neu5Gc induced xenosialitis?

Possible 
 

Frequency of Early Fetal Wastage? Concealed Evolution?

Frequency of Premature Labor and Birth Siglec-5/14 expression on amniotic epithelium, binding sites for some group B strep

Frequency of Chronic Female Iron Deficiency Increased Menstrual Blood loss per cycle?

Bronchial Asthma? Altered Th1/Th2 balance due to cleanliness? Decreased expression of Inhibitory Siglecs 
and Neu5Gc loss on CD4+ T cells contributes to inflammation?

Hydatidform Molar Pregnancy? PolySia Overexpression?

Schizophrenia Human-specific change in ST8Sia2? 

Bipolar Disorders Human-specific change in ST8Sia2? 

Autism Spectrum Disorders Human-specific change in ST8Sia2?

Polycystic Ovarian Disease (PCOS) Altered Siglec-11 and Siglec-11 ligand expression in Ovarian macrophages and 
fibroblasts?

Candidates for “Human-Specific” Diseases?

Candidates for “Human-Specific” Diseases
Probable Possible Mechanisms (Defined/Potential Role(s) of Sialic Acid Biology)

Human-Influenza A infections Selective Recognition by Hemagglutinin of alphaNeu5Ac2-6LacNAc binding sites, which are 
enriched in human upper airway epithelium.

Alzheimer’s Disease Age Dependency? Human-specific up-regulation of CD33/Siglec-3 in microglia suppresses uptake 
and clearance of neurotoxic amyloid?

Carcinomas (Cancers of Epithelial Origin) Dietary Neu5Gc induced xenosialitis contributes to inflammation-related carcinoma progression?

Rapid Progression of HIV Infection to AIDS Decreased expression of Inhibitory Siglecs and Neu5Gc loss on CD4+ T cells contributes to 
proliferative and apoptotic responses to HIV infection.

Hepatitis B/C Complications (Cirrhosis, Cancer) Decreased expression of Inhibitory Siglecs and Neu5Gc loss on CD4+ T cells contributes to 
enhanced inflammation, fibrosis and carcinogenesis?

Muscular Dystrophy Severity Loss of Neu5Gc in skeletal muscle enhances dystrophic damage:  primary effect on muscle 
function and/or dietary Neu5Gc induced xenosialitis?

Preeclampsia (Pregnancy-induced Hypertension, PIH) Uniquely human Siglec-6 expression on placental trophoblast, enhanced expression in 
Preeclampsia : and/or dietary Neu5Gc induced xenosialitis?

Possible 
 

Frequency of Early Fetal Wastage? Concealed Evolution?

Frequency of Premature Labor and Birth Siglec-5/14 expression on amniotic epithelium, binding sites for some group B strep

Frequency of Chronic Female Iron Deficiency Increased Menstrual Blood loss per cycle?

Bronchial Asthma? Altered Th1/Th2 balance due to cleanliness? Decreased expression of Inhibitory Siglecs and 
Neu5Gc loss on CD4+ T cells contributes to inflammation?

Hydatidform Molar Pregnancy? PolySia Overexpression?

Schizophrenia Human-specific change in ST8Sia2? 

Bipolar Disorders Human-specific change in ST8Sia2? 

Autism Spectrum Disorders Human-specific change in ST8Sia2?

Polycystic Ovarian Disease (PCOS) Altered Siglec-11 and Siglec-11 ligand expression in Ovarian macrophages and fibroblasts?

To date, no Captive “Great Apes” reported with 
Carcinomas of the Esophagus, Lung, Stomach, 
Pancreas, Colon, Uterus, Ovary or Prostate

“We conclude that while relative carcinoma risk is 
a likely difference between humans and 
chimpanzees (and possibly other “great apes”), a 
more systematic survey of available data is 
required for validation of this claim.” 

All Cancers Excluding Non-Melanoma Skin Cancer 2011-2013 

Number of New Cases Per Year and Age-Specific Incidence Rates per 100,000 Population, UK

Source: cruk.org/cancerstats
You are welcome to reuse this Cancer Research UK statistics content for your own work. 
Credit us as authors by referencing Cancer Research UK as the primary source. 
Suggested style: Cancer Research UK, full URL of the page, Accessed [month] [year].

Captive Chimpanzee 
Lifespan



Gc incorporation
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P. Gagneux / A.Varki
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Meat

The True Cost of Risky Behavior

(1 microlife = 30 mins of your life, gained or lost)

1 quarter-pound burger  
 = 30 mins of life lost!

M. Fischetti  
Scientific American. Jan 2013 

Based on  
D. Spiegelhalter 
 BMJ. 345:e8223, Dec 2012



“….while multiple mechanisms are likely operative, 
many proposed theories to date are not specific for red 

meat, and the viral and xeno-autoantigen theories 
deserve further consideration.”

Fred

Kunio

Twelve Books, New York



Candidates for “Human-Specific” Diseases

Probable Possible Mechanisms (Defined/Potential Role(s) of Sialic Acid Biology)

Human-Influenza A infections Selective Recognition by Hemagglutinin of alphaNeu5Ac2-6LacNAc binding sites, which are enriched in 
human upper airway epithelium.

Alzheimer’s Disease Age Dependency? Human-specific up-regulation of CD33/Siglec-3 in microglia suppresses uptake and 
clearance of neurotoxic amyloid?

Carcinoma (Cancers of Epithelial Origin) Dietary Neu5Gc induced xenosialitis contributes to inflammation-related carcinoma progression?
Rapid Progression of HIV Infection to AIDS Decreased expression of Inhibitory Siglecs and Neu5Gc loss on CD4+ T cells contributes to proliferative 

and apoptotic responses to HIV infection.
Hepatitis B/C Complications (Cirrhosis, Cancer) Decreased expression of Inhibitory Siglecs and Neu5Gc loss on CD4+ T cells contributes to enhanced 

inflammation, fibrosis and carcinogenesis?
Muscular Dystrophy Severity Loss of Neu5Gc in skeletal muscle enhances dystrophic damage:  primary effect on muscle function and/

or dietary Neu5Gc induced xenosialitis?
Preeclampsia (Pregnancy-induced Hypertension, PIH) Uniquely human Siglec-6 expression on placental trophoblast, enhanced expression in Preeclampsia : 

and/or dietary Neu5Gc induced xenosialitis?

Possible 
 

Frequency of Early Fetal Wastage? Concealed Evolution?
Frequency of Premature Labor and Birth Siglec-5/14 expression on amniotic epithelium, binding sites for some group B strep
Frequency of Chronic Female Iron Deficiency Increased Menstrual Blood loss per cycle?

Bronchial Asthma? Altered Th1/Th2 balance due to cleanliness? Decreased expression of Inhibitory Siglecs and Neu5Gc loss 
on CD4+ T cells contributes to inflammation?

Hydatidform Molar Pregnancy? PolySia Overexpression?
Schizophrenia Human-specific change in ST8Sia2? 

Bipolar Disorders Human-specific change in ST8Sia2? 

Autism Spectrum Disorders Human-specific change in ST8Sia2?
Polycystic Ovarian Disease (PCOS) Altered Siglec-11 and Siglec-11 ligand expression in Ovarian macrophages and fibroblasts?

 one can divide such diseasesEnter definite probable and possible. Time only allows me to consider few of them

Bronchial Asthma? Possible Mechanisms (Defined/Potential Role(s) of Sialic Acid Biology)

Human-Influenza A infections Selective Recognition by Hemagglutinin of Neu5Ac2-6LacNAc binding sites, which are 
enriched in human upper airway epithelium.

Alzheimer’s Disease Age Dependency? Human-specific up-regulation of CD33/Siglec-3 in microglia 
suppresses uptake and clearance of neurotoxic amyloid.

Carcinoma (Cancers of Epithelial Origin) Dietary Neu5Gc induced xenosialitis contributes to inflammation-related carcinoma 
progression?

Rapid Progression of HIV Infection to AIDS Decreased expression of Inhibitory Siglecs and Neu5Gc loss on CD4+ T cells contributes 
to proliferative and apoptotic responses to HIV infection.

Hepatitis B/C Complications (Cirrhosis, Cancer) Decreased expression of Inhibitory Siglecs and Neu5Gc loss on CD4+ T cells contributes 
to enhanced inflammation, fibrosis and carcinogenesis?

Muscular Dystrophy Severity Loss of Neu5Gc in skeletal muscle enhances dystrophic damage:  primary effect on 
muscle function and/or dietary Neu5Gc induced xenosialitis?

Preeclampsia (Pregnancy-induced Hypertension) Uniquely human Siglec-6 expression on placental trophoblast, enhanced expression in 
Preeclampsia : and/or dietary Neu5Gc induced xenosialitis?

POSSIBLE 
 

Frequency of Early Fetal Wastage? Concealed Evolution?

Frequency of Premature Labor and Birth Siglec-5/14 expression on amniotic epithelium

Frequency of Chronic Female Iron Deficiency Increased Menstrual Blood loss per cycle?

Altered Th1/Th2 balance due to cleanliness? Decreased expression of Inhibitory Siglecs 
and Neu5Gc loss on CD4+ T cells contributes to inflammation?
?

Candidates for “Human-Specific” Diseases?

Conclusions 
Disease Profiles of Humans and Chimpanzees are Rather 
Different

Corollary 1 
Chimpanzees are Poor Models of Many Human Diseases!

Corollary 2 
Humans are Likely to be Poor  
Models of Many Chimpanzee Diseases! 



2005

Suggestions: 
 
Conduct research on “Great 
Apes” following principles as 
similar as possible to those 
accepted for human research


Researchers should volunteer 
to be subjects in the same 
studies!

Conclusions 
Disease Profiles of Humans and Chimpanzees are Rather 
Different
Corollary 1 
Chimpanzees are Poor Models of Many Human Diseases!
Corollary 2 
Humans are Likely to be Poor Models of Many Chimpanzee 
Diseases! 
Corollary 3 
Chimpanzees would Benefit from More (Ethical) Studies of their Own 
Diseases! 



Human CMAH loss initially occurred during a biomechanical  
transition towards markedly improved mobility on land

~3.1 Mya

Oldowan 
Stone Tools

Stone 
Hand Axes

~1.8 Mya

Spears

~500 Kya ~70 Kya

Stone  
Arrow Heads

(No projectile weapons)

Tool use and meat consumption
?

Neu5Gc Loss

Persistence hunting?

Okerblom, J.,  Proc Biol Sci. 28510.1098/rspb.2018.

Cmah null mice perform better during forced treadmill exercise testing

The gastrocnemius complex of Cmah null mice in vivo is  
more resistant to fatigue

Cmah null mice exhibit higher capillary density  
and higher citrate synthase activity in oxidative muscles

Okerblom, J.,  Proc Biol Sci. 28510.1098/rspb.2018.

Cmah null mice exhibit higher rate of oxygen respiration in the presence  
of saturating ADP + complex I and II substrates

Cmah null mice run faster and further during voluntary wheel exercise

Human CMAH loss initially occurred during a biomechanical  
transition towards markedly improved mobility on land

Candidates for “Human-Specific” Diseases

“Definite”? Possible Mechanisms (Defined/Potential Role(s) of Sia Biology)

Myocardial Infarction (Coronary Thrombosis) 
 

Altered Lipoprotein Metabolism? Neu5Gc loss increases macrophage reactivity.  Dietary Neu5Gc-induced 
xenosialitis contributes to inflammation? Insulin Resistance?

Malignant Malaria (P. Falciparum) Merozoite stage EBA175 preferentially recognizes Neu5Ac-rich human binding sites on erythrocytes in the 
bloodstream to initiate infection.

Typhoid Fever (Salmonella Typhi) Typhoid toxin preferentially binds Neu5Ac-rich human cells, mediating symptoms. 
Phagolysosomal Neu5Ac also required for toxin secretion

Cholera (Vibrio Cholerae) Neu5Gc inhibition of neuraminidase action and of toxin-mediated intestinal fluid efflux.
Mumps (Epidemic Parotitis) Hemagglutinin binds Alpha2-3-linked sialic acid containing targets
Whooping Cough (Pertussis/Diphtheria) Diphtheria toxin binds sialic acid containing targets, also has trans-sialidase
Measles (Rubeola) SLAM and CD46 receptors, no sialic acid involvement?
German Measles (Rubella) Myelin oligodendrocyte glycoprotein (MOG) is receptor, no sialic acid involvement?
Smallpox (Variola) ??
Poliomyelitis ??
Pneumococcal infections Sialidase NanA/transporter SatABC upregulated by Neu5Ac >> Neu5Gc via activation of response regulator 

CiaR, generating a vicious cycle with sialidase production.
Gonorrhea (Neisseria Gonorrhoea) Surface Lst uses host CMP-Neu5Ac to sialylate LOS, restricting complement activation and antibody 

recognition, and engaging host inhibitory Siglecs. Porin also engages Siglecs.
Group B Streptococcal Infections Neu5Ac-terminated capsular polysaccharide restricts complement activation and antibody recognition, and 

engages host inhibitory Siglecs.
E. coli K1 Septicemia/Meningitis 
Meningococcal Meningitis

Neu5Ac-polysialic acid capsular polysaccharide restricts complement activation and antibody recognition, and 
engages host inhibitory Siglecs in brain (microglia).

Non-typeable Hemophilus Influenzae infections Selective Neu5Ac uptake/incorporation into LOS restricts complement activation and antibody recognition, and 
engages host inhibitory Siglecs?

Missing Endemic Transmissible Retroviral Infections  
e.g., Spumaviruses

Mechanism unknown.  Bottleneck associated with purging of such endemic viruses from the hominin lineage? 
Anti-Neu5Gc antibodies? No sialic acid involvement?

Type 1 Diabetes? Autoimmune attack on islets.  Possible role of Siglec-7 in protection?
Rheumatoid Arthritis? Autoimmune attack on synovium.  Aggravation by Neu5Gc in red meat? Dietary Neu5Gc-induced xenosialitis 

contributes to inflammation?

 one can divide such diseasesEnter definite probable and possible. Time only allows me to consider few of them



Candidates for “Human-Specific” Diseases

“Definite”? Possible Mechanisms (Defined/Potential Role(s) of Sia Biology)

Myocardial Infarction (Coronary Thrombosis) 
 

Altered Lipoprotein Metabolism? Neu5Gc loss increases macrophage reactivity.  Dietary Neu5Gc-induced 
xenosialitis contributes to inflammation? Insulin Resistance?

Malignant Malaria (P. Falciparum) Merozoite stage EBA175 preferentially recognizes Neu5Ac-rich human binding sites on erythrocytes in the 
bloodstream to initiate infection.

Typhoid Fever (Salmonella Typhi) Typhoid toxin preferentially binds Neu5Ac-rich human cells, mediating symptoms. 
Phagolysosomal Neu5Ac also required for toxin secretion

Cholera (Vibrio Cholerae) Neu5Gc inhibition of neuraminidase action and of toxin-mediated intestinal fluid efflux.
Mumps (Epidemic Parotitis) Hemagglutinin binds Alpha2-3-linked sialic acid containing targets
Whooping Cough (Pertussis/Diphtheria) Diphtheria toxin binds sialic acid containing targets, also has trans-sialidase
Measles (Rubeola) SLAM and CD46 receptors, no sialic acid involvement?
German Measles (Rubella) Myelin oligodendrocyte glycoprotein (MOG) is receptor, no sialic acid involvement?
Smallpox (Variola) ??
Poliomyelitis ??
Pneumococcal infections Sialidase NanA/transporter SatABC upregulated by Neu5Ac >> Neu5Gc via activation of response 

regulator CiaR, generating a vicious cycle with sialidase production.
Gonorrhea (Neisseria Gonorrhoea) Surface Lst uses host CMP-Neu5Ac to sialylate LOS, restricting complement activation and antibody 

recognition, and engaging host inhibitory Siglecs. Porin also engages Siglecs.
Group B Streptococcal Infections Neu5Ac-terminated capsular polysaccharide restricts complement activation and antibody recognition, and 

engages host inhibitory Siglecs.
E. coli K1 Septicemia/Meningitis 
Meningococcal Meningitis

Neu5Ac-polysialic acid capsular polysaccharide restricts complement activation and antibody recognition, 
and engages host inhibitory Siglecs in brain (microglia).

Non-typeable Hemophilus Influenzae infections Selective Neu5Ac uptake/incorporation into LOS restricts complement activation and antibody recognition, 
and engages host inhibitory Siglecs?

Missing Endemic Transmissible Retroviral Infections  
e.g., Spumaviruses

Mechanism unknown.  Bottleneck associated with purging of such endemic viruses from the hominin 
lineage? Anti-Neu5Gc antibodies? No sialic acid involvement?

Type 1 Diabetes? Autoimmune attack on islets.  Possible role of Siglec-7 in protection?
Rheumatoid Arthritis? Autoimmune attack on synovium.  Aggravation by Neu5Gc in red meat? Dietary Neu5Gc-induced 

xenosialitis contributes to inflammation?

 one can divide such diseasesEnter definite probable and possible. Time only allows me to consider few of them

PlacentaSIGLEC6

High Expression of SIGLEC6 mRNA in Human Placenta

Wang et al.  Glycobiology,  21:1038-1048, 2011

Human-Specific Expression of Siglec-6 in the Placental Trophoblast 

Els Brinkman  
with 

Nissi Varki   
Kurt Benirschke

Siglec-6 is Expressed Equally on Human and Great Ape B cells 

Nancy Hurtado-Ziola
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Paraffin Sections

“Severe Preeclampsia-Related 
Changes in Gene Expression 
at the Maternal-Fetal Interface 
Include Siglec-6 and 
Pappalysin-2”   
(Winn, et al. Endocrinology, 
2009 150:452-62) 

Virginia Winn :  Univ of Colorado Brinkman van der Linden et al. Glycobiology, 17:922-931, 2007.



Human Siglecs: fine-tuning immune responses

Lacking signaling 
motifs

IT
A

M
IT

A
M

Phosphorylated ITAMs 
activate MAP kinase 

-> ACTIVATION

Phosphorylated ITIMs recruit    
phosphatases SHP-1 or SHP-2 
-> INHIBITION/STEADY STATE

           1 
(Sialoadhesin)

4 
(MAG)

2 
(CD22)

3 
(CD33)

CD33/Siglec-3–related Siglecs (CD33rSiglecs)

“Brakes” 
on immune cells:

Siglecs= Sialic acid-binding Immunoglobulin related Lectins

13

Immune cells carry “brakes” self and non-self sensing innate molecules that can tune down unnecessary inflammation.

Probable Possible Mechanisms (Defined/Potential Role(s) of Sialic Acid Biology)

Human-Influenza A infections Selective Recognition by Hemagglutinin of alphaNeu5Ac2-6LacNAc binding sites, which are 
enriched in human upper airway epithelium.

Alzheimer’s Disease Age Dependency? Human-specific up-regulation of CD33/Siglec-3 in microglia suppresses 
uptake and clearance of neurotoxic amyloid?

Carcinoma (Cancers of Epithelial Origin) Dietary Neu5Gc induced xenosialitis contributes to inflammation-related carcinoma progression?
Rapid Progression of HIV Infection to AIDS Decreased expression of Inhibitory Siglecs and Neu5Gc loss on CD4+ T cells contributes to 

proliferative and apoptotic responses to HIV infection.
Hepatitis B/C Complications (Cirrhosis, Cancer) Decreased expression of Inhibitory Siglecs and Neu5Gc loss on CD4+ T cells contributes to 

enhanced inflammation, fibrosis and carcinogenesis?
Muscular Dystrophy Severity Loss of Neu5Gc in skeletal muscle enhances dystrophic damage:  primary effect on muscle 

function and/or dietary Neu5Gc induced xenosialitis?
Preeclampsia (Pregnancy-induced Hypertension, 
PIH)

Uniquely human Siglec-6 expression on placental trophoblast, enhanced expression in 
Preeclampsia : and/or dietary Neu5Gc induced xenosialitis?

Possible 
 

Frequency of Early Fetal Wastage? Concealed Evolution?
Frequency of Premature Labor and Birth Siglec-5/14 expression on amniotic epithelium, binding sites for some group B strep
Frequency of Chronic Female Iron Deficiency Increased Menstrual Blood loss per cycle?
Bronchial Asthma? Altered Th1/Th2 balance due to cleanliness? Decreased expression of Inhibitory Siglecs and 

Neu5Gc loss on CD4+ T cells contributes to inflammation?
Hydatidform Molar Pregnancy? PolySia Overexpression?
Schizophrenia Human-specific change in ST8Sia2? 

Bipolar Disorders Human-specific change in ST8Sia2? 

Autism Spectrum Disorders Human-specific change in ST8Sia2?
Polycystic Ovarian Disease (PCOS) Altered Siglec-11 and Siglec-11 ligand expression in Ovarian macrophages and fibroblasts?

“That Alzheimer's disease might be a human-specific 
was hypothesized by Rapoport in 1989. Apes 
accumulate considerable amyloid plaques after 40, an 
age when these are uncommon in humans. Despite 
early buildup, ape brains have not shown dystrophic 
neurites near plaques. Aging great ape brains also 
have few neurofibrillary tangles. We…...cautiously 
support Rapoport's hypothesis.”

Childhood, Adolescence & Post-reproductive Survival

Boaz & Almquist 1999

Adapted to cultural opportunities? 

Nutritional opportunities? 

Facilitated by stronger pair bonds 
between parents? 

Facilitated by allomothering? 

redrawn from Schultz 1963

Odd life history compared to other primates 
Humans have delayed development: humans invented childhood (slow body but rapid 
brain growth), adolescent growth spurt, and prolonged post-reproductive survival. But 
evolved shorter inter-birth intervals than apes!



Aging and survival

(Hawkes 2010, PNAS) 

Age distribution Hadza grandmother at work
Wild chimpanzees  

(5 groups)
Humans 

(Hadza foragers)

Post-Reproductive Life Span 
PRLS

Croft et al., 2015, Trends Ecol Evol,

Humans populations have many individuals who survive long after the period of reproduction. In 
Most other animals, when reproduction ceases, most individuals tend to die. Due to the bias 
favoring female survival , many more older females survive. Up to 25% of living adults in a given 
social group can be post-reproductive females even if the average ;ife expectancy is only 35 years 
(due mostly to the very high infant mortality). The grandmother hypothesis proposes that these 
females benefit their younger relatives by provisioning children with food, care and knowledge. 
Menopause is a crucial adaptation for humans, not a pathology! 

Humans: 1 of only 3 species with a prolonged post-reproductive lifespan. 

Grandmothers and other elders contribute increased survival of younger kin. 

Age-related dementia compromises these benefits.  

Age-related dementia also burdens group with socially costly members. 

CD33/Siglec-3 allele protective against Alzheimer’s disease is derived and 
unique to humans, and favors a functional state resembling chimpanzees!  

Found many other examples of derived alleles at other human loci that 
protect against age-related cognitive deterioration.

New genes for old minds

CD33 (Siglec 3) and other genetic 
variants for cognitive maintenance 

selected late in life.

Schwarz et al. PNAS 2015 

Contributions of older adults via cultural transmission to younger kin in 
group or wider social network (tribe) result in selection after reproductive 
period. 

Making oneself useful while old? The benefit of older wise minds to younger members of the tribe. 
A list of genes with modern human specific variants that are protective of cognition in older people.



Cognitive maintenance?

Schwarz et al. PNAS, 2015

Springer and Gagneux Médecine & Sciences, 2016

Different blend of splice variants leads to increased 
microglia activity, resulting in better amyloid beta 
clearance —> less plaque accumulation.

Two point mutations in DNA are associated with different mix of proteins (splice variants, one with 
and the other whiteout the outermost domain of Siglec-3), resulting in protection from Late onset 
Alzheimers disease. The splice variant lacking the sialic acid-binding outermost domain, does 
inhibit microglia resulting in higher microglia activity (better cleaning up of amyloid beta plaques in 
aging brains).

Culture can change the selective landscape

Springer and Gagneux 2016, Médecine & Sciences

Natural selection is very weak or absent in late life for most other species. The altered human age 
pyramid allows for unexpected selection late in life, mediated by help provided by elders to younger 
group members.

Sialic Acids: Self-sensing and Exploitation by Pathogens

How could our 
ancestors have 
evolved protection 
from such dangerous 
molecular mimicry?

Saha S, Khan N, Comi T, Verhagen A, Sasmal A, Diaz S, Yu H, Chen X, Akey JM, Frank M, Gagneux P, Varki A. Evolution of Human-Specific Alleles  
Protecting Cognitive Function of Grandmothers. Mol Biol Evol. 2022 Aug 3;39(8)

Sialic acids on the surface of body cells provide crucial information about ‘self” and are 
detected by innate immune receptors that inhibit immune cell activation, 

Parasites can use these same sialic acids to attach and invade. 
Furthermore, parasites can cover themselves with sialic acids (like wolves in sheep’ 
clothing) to undermine recognition by immune cells. 
Host immune cells have evolved counter strategies by evolving activating innate immune 
receptors…



Sialic acids, CD33 on microglia, evolutionary exploitation by 
pathogens, host escape, and cognitive maintenance

Scenario for important change in brain immunity and late life protection of cognition. 
Humans underwent a change in cell surface sialic acids. 
One of their innate receptors (Siglec 3 = CD33) adapted to binding this changed surface, 
including in the brain. 
Human pathogens infect the brain (Neisseria gonnorhoeae and Group B Streptococcus) 
by binding the innate receptor. 
Humans evolved a truncated variant of the receptor that cannot be bound by pathogens. 
That truncated version happened to have protective effects in late life, helping the 
microglia (immune cells of the brain) to clean up plaque and protect from 
neurodegenerative disease. 

Genome Biol Evol, Volume 12, Issue 7, July 2020, Pages 1040–1050, https://doi.org/10.1093/gbe/evaa125 

Evolutionary changes in hominid 
SIGLEC genes. The tree represents 
phylogenetic relatedness among 
hominids and ...

Human specific changes in SIGLEC genes? Evolutionary changes in hominid SIGLEC genes. The tree represents phylogenetic 
relatedness among hominids and different types of genomic events are depicted 
according to the color codes. Siglec expression differences are based on more limited 
comparisons . 

P. Gagneux redrawn from  
Hayakawa, T. and Varki, A. 2012 Post-genome Biology of Primates.

Rapid evolution of Siglecs in Humans It appears that the change in sialic acid biology triggered by the loss-of-function mutation of CMAH 
gene, was followed by a series of changes.



Comparative Anthropogeny

HUMANS

CHIMPANZEES
& BONOBOS

             7  6    5    4    3               2                                   1

      

pathogen regimes
eccrine sweat glands
devleopmental neoteny
earlier weaning
shorter inter-birth-interval
personal names
theory of mind
groups of groups (tribes)
niche chonstruction
cumulative culture
altruistic punishment
proactive aggression

   million years before present

knuckle walking
suspensory locomotion
mating system
immune system

Some striking differences between humans and chimpanzees

striding bipedality

bipedality

cooking

tool manufacture (Acheulean)

fire

large animal preyhand anatomy

shoulder anatomy

smaller dentition

larger brains

gracile anatomy

skeletal anatomy

cultural norms

projectile

weapons

art

brain connectivity

slow developmentAnatomy

Behavior

tool manufacture (Lomekwian/Oldowan)

clothing/footwear

tracking

symbols

language

loss of fur coat

brain cytoarchitecture

thorax anatomy

cranial anatomy & dev.

home base

tool manufacture

from wood, bone and fibers

It appears that the change in sialic acid biology triggered by the loss-of-function mutation of CMAH 
gene, was followed by a series of changes.

Comparative Anthropogeny


