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Abstract
The myelomonocytic receptor CD33 (Siglec-3) inhibits innate immune reactivity by extracellular V-set domain rec-
ognition of sialic acid (Sia)-containing “self-associated molecular patterns” (SAMPs). We earlier showed that V-set 
domain-deficient CD33-variant allele, protective against late-onset Alzheimer’s Disease (LOAD), is derived and spe-
cific to the hominin lineage. We now report multiple hominin-specific CD33 V-set domain mutations. Due to homi-
nin-specific, fixed loss-of-function mutation in the CMAH gene, humans lack N-glycolylneuraminic acid (Neu5Gc), 
the preferred Sia-ligand of ancestral CD33. Mutational analysis and molecular dynamics (MD)-simulations indicate 
that fixed change in amino acid 21 of hominin V-set domain and conformational changes related to His45 corrected 
for Neu5Gc-loss by switching to N-acetylneuraminic acid (Neu5Ac)-recognition. We show that human-specific 
pathogens Neisseria gonorrhoeae and Group B Streptococcus selectively bind human CD33 (huCD33) as part of im-
mune-evasive molecular mimicry of host SAMPs and that this binding is significantly impacted by amino acid 21 
modification. In addition to LOAD-protective CD33 alleles, humans harbor derived, population-universal, cogni-
tion-protective variants at several other loci. Interestingly, 11 of 13 SNPs in these human genes (including CD33) 
are not shared by genomes of archaic hominins: Neanderthals and Denisovans. We present a plausible evolutionary 
scenario to compile, correlate, and comprehend existing knowledge about huCD33-evolution and suggest that 
grandmothering emerged in humans.
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A
rticle Introduction

In keeping with the fundamental importance of reproduc-
tion for the process of biological evolution via natural se-
lection, loss of fecundity generally coincides with the end 
of lifespan in almost all species studied to date. Humans 
and certain toothed whales like orcas are so far the only 
mammals known to manifest prolonged postreproductive 
lifespans under naturalistic conditions (Hawkes et al. 1998; 
Hawkes 2004, 2010; Johnstone and Cant 2010; Cant and 
Croft 2019; Khan, Kim, et al. 2020). One current explan-
ation for such prolonged postreproductive survival is late 
life kin selection of grandmothers and other elderly care-
givers of helpless young—apparently contrary to the con-
cept of “antagonistic pleiotropy,” which posits that natural 
selection does not operate in late life (Williams 1957; Byars 
and Voskarides 2020). In this regard, we previously ob-
served several commonly occurring, derived gene variants 

that directly or indirectly impact postreproductive, late life 
cognition, and are present only in human genomes and 
not in those of any other “great apes” (Schwarz et al. 
2016). This was considered as genomic evidence for the 
evolution of human postmenopausal longevity (Hawkes 
2016). Here, we further explore the human-specific, de-
rived alleles of genes that protect against late life cognitive 
decline, and ask when and how these emerged in 
hominins?

One such interesting example is a human-specific, de-
rived allele of CD33 associated with direct or indirect pro-
tection against late-onset Alzheimer’s Disease (LOAD) 
(Schwarz et al. 2016; Zhao 2019). In vertebrates, glycan- 
binding proteins of the immunoglobulin (Ig) superfamily 
called sialic acid (Sia)-binding Ig-like lectins (Siglecs) 
form a major component of the immune system (Läubli 
and Varki 2020). As the name indicates, Siglecs recognize 

Mol. Biol. Evol. 39(8):msac151 https://doi.org/10.1093/molbev/msac151 Advance Access publication July 9, 2022 1

https://orcid.org/0000-0002-2206-975X
mailto:a1varki@ucsd.edu
mailto:pgagneux@ucsd.edu
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/molbev/msac151


Saha et al. · https://doi.org/10.1093/molbev/msac151 MBE

Sias on cell surface or secreted glycoproteins and glycoli-
pids. Siglec-3, commonly known as CD33, is the eponym-
ous member of the rapidly evolving subgroup of Siglecs 
called CD33-related Siglecs (or CD33rSiglecs) (Freeman 
et al. 1995; Siddiqui et al. 2017). In contrast, other Siglecs 
(Siglecs 1, 2, 4, and 15) show evolutionary conservation 
(Bornhöfft et al. 2018). CD33 is a type-I transmembrane 
protein with an amino terminal Ig-like V-set domain fol-
lowed by one Ig-like C2-set domain proximal to the trans-
membrane region (Freeman et al. 1995). Its cytoplasmic 
tail contains immunoregulatory signaling motifs called im-
munoreceptor tyrosine-based inhibitory motif (ITIM)s, 
which upon ligand binding to the extracellular V-set do-
main, undergo phosphorylation and recruit effector mole-
cules like tyrosine phosphatases, SHP-1/2, which inhibit 
the cellular immune responses. Human CD33 (huCD33) 
binds α2-3- and α2-6-linked N-acetylneuraminic acid 
(Neu5Ac), the predominant Sia in humans, associated ei-
ther with N- and O-glycosylated molecules or sialylated 
glycolipids (gangliosides). More recently, a CD33 ligand 
composed of sialylated keratan sulfate chains carried on 
a minor isoform/glycoform of RPTPζ (phosphacan) was 
found in the extracellular milieu of the human brain par-
enchyma (Gonzalez-Gil et al. 2022).

HuCD33 undergoes alternative splicing, resulting in two 
isoforms—full-length CD33M containing the ligand- 
binding V-set domain and truncated D2-CD33 (or 
CD33m) lacking this domain (Hernandez-Caselles et al. 
2006). The elimination of the terminal V-set domain is 
mediated through differential splicing affected by two co-
inherited single nucleotide polymorphisms (SNPs) at posi-
tions rs3865444 in huCD33 promoter and rs12459419 
located within exon 2 (Malik et al. 2013). The two isoforms, 
CD33M and D2-CD33, differ not only in their molecular 
weights, but also in their cellular localization and function-
ality which are associated with Sia-interacting V-set do-
main (Schwarz et al. 2016; Siddiqui et al. 2017; Saha et al. 
2019).

HuCD33 is extensively studied for its role in different 
immune responses, under both normal and pathophysio-
logical conditions including cancers (Lamba et al. 2009; 
Hollingworth et al. 2011; Naj et al. 2011; Bradshaw et al. 
2013; Malik et al. 2013). Furthermore, the microglial ex-
pression of CD33 is linked with neurological pathologies 
like LOAD. Incidence of LOAD has been strongly asso-
ciated with varied expression of CD33 isoforms in the brain 
of affected individuals (Hollingworth et al. 2011; Naj et al. 
2011), where the LOAD-protective CD33 allele increases 
the ratio of D2–CD33 isoform relative to CD33M. CD33 
is reported in almost all vertebrates, including nonhuman 
primates (Bornhöfft et al. 2018; Khan, de Manuel, et al. 
2020). Although there is often high similarity in the se-
quence and overall genomic location, CD33 has undergone 
various species-specific changes. For example, murine 
CD33 which shows about 54% identity with huCD33 
V-set and 72% identity with C2 domain, has markedly dif-
ferent Sia-binding and cellular expression patterns from 
huCD33 protein (Brinkman-Van der Linden et al. 2003). 

CD33 expression has greatly diverged in humans even in 
comparison to our closest living evolutionary relatives, the 
great apes. Examination of CD33 in peripheral blood 
showed significantly increased production of CD33M in hu-
man monocytes relative to those of chimpanzees (Schwarz 
et al. 2016). Furthermore, the abundance of CD33 was also 
markedly higher in the human brain. Interestingly, although 
LOAD-associated neurological pathologies, for example, 
buildup of Aβ proteins, hyperphosphorylated tau proteins 
as neurofibrillary tangles, have been observed in aged non-
human primate brains, AD has largely been regarded as a 
uniquely human disease (Edler et al. 2017, 2020). 
Interspecies variations in CD33 have also been studied in 
other apes like gorilla and bonobo, in comparison to 
huCD33 (Padler-Karavani et al. 2014).

The presence of two physiologically significant isoforms, 
their distinct cellular localization, and association with 
uniquely human pathologies like LOAD have made 
huCD33 a target of much evolutionary interest. The 
Sia-binding V-set domain of CD33rSiglecs including 
CD33 itself shows high sequence variability among differ-
ent species, often making it difficult to identify their ortho-
logs. The selective pressure for this accelerated evolution 
of the V-set domains has been attributed to the evasion 
of infectious pathogens that exploit these human innate 
receptors. The surfaces of each vertebrate cell are layered 
with tens to hundreds of million Sia-terminating glycans, 
forming as “self-associated molecular patterns” (SAMPs), 
which prevent erroneous activation of innate immune re-
sponses against the body’s own cells (Varki 2011). 
However, several human pathogens, for example, 
Neisseria gonorrhoeae, N. meningitidis, Haemophilus influ-
enzae, Escherichia coli K1, Group B Streptococcus (GBS), 
and Trypanosoma cruzi cloak themselves with sialoglycans, 
effectively mimicking host SAMPs, and thereby avoiding 
the immune response (Varki and Gagneux 2012). 
Conversely, other infectious agents like influenza virus rec-
ognize SAMPs and utilize them as receptors to initiate 
binding and subsequent infections (Tortorici et al. 2019). 
CD33 has also been shown to interact with Hepatitis B viral 
surface sialoglycans, thereby impacting its pathogenesis 
(Tsai et al. 2021). SAMPs and their interacting partners, 
Siglecs (primarily the V-set domains) are therefore con-
tinually evolving to maintain their distinctive “self- 
recognition” properties, whereas also avoiding exploitation 
by Sia-cloaked pathogens and parasites—an example of 
the “Red Queen Effect” (Varki and Angata 2006).

In this work, with a focus on CD33, a postreproductive 
cognitive health-associated human protein, we attempt to 
explore the evolutionary pressures that selected for unique 
changes in huCD33. Using human-specific pathogens like 
N. gonorrhoeae, GBS, and E. coli K1, we demonstrate the 
differential impact of these mutations on the bacterial in-
teractions with huCD33. We also determine the effect of 
these mutations on huCD33–sialoglycan binding and 
identify that the amino acid at position 21 within the 
V-set domain plays a critical role in Sia-specificity of hu-
man and chimpanzee CD33. Last but not least, we extend 
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our study to archaic hominin genomes and show that the 
human-specific CD33 mutations (except the presence of 
truncated isoform) are shared evolutionary changes of hu-
man, Neanderthal, and Denisovan common ancestor. We 
also expanded our analysis to include other human- 
specific derived genomic changes associated with the cog-
nitive health of postreproductive human grandmothers 
and other elderly caregivers. Finally, we draw an evolution-
ary scenario to connect the current knowledge of CD33 
sialoglycan recognition and pathogen engagement to pro-
pose a role for the infectious pathogens as key selective 
agents in human-specific CD33 evolution, generating 
new alleles protective against infections, that could sec-
ondarily have come under selection for their protective ef-
fects against cognitive pathologies like LOAD.

Results
Sequences of huCD33 Extracellular Domains Show 
Many Changes Distinct from Closely Related Great 
Apes
Previous investigations have identified unique properties 
of huCD33 that influence the functionality in humans. 
The presence of a huCD33 V-set truncated isoform as 
well as its overall expression difference in microglia has 
been associated with the protection against the occur-
rence of neurological pathologies like LOAD in humans. 
Like other CD33rSiglecs, CD33 immunomodulatory roles 
depend both on its ligand-interacting extracellular do-
mains and signaling motif-containing cytoplasmic tail. To 
gain a comprehensive understanding of different CD33 do-
main variations, we compared the amino acid residues of 
full-length CD33 from human and related nonhuman pri-
mates including chimpanzee, gorilla, and bonobo (fig. 1A). 
Although the regions encoding the C2-set domain and 
cytoplasmic tail are highly conserved, the amino acid resi-
dues within huCD33 V-set domain differ from their non-
human counterparts in as many as ten positions. Since 
different amino acid residues in Sia-binding V-set domain 
could potentially impact huCD33–sialoglycan interactions 
and subsequent downstream signaling pathways, we fur-
ther examined the overall frequency of these changes 
(fig. 1B). We analyzed human sequences from the 1000 
Genome database (Consortium et al. 2015) and compared 
them with 44 gorilla, 59 chimpanzee, and 10 bonobo se-
quences (Prado-Martinez et al. 2013; Xue et al. 2015; de 
Manuel et al. 2016). Most of these amino acid residues (ex-
cept at positions 66 and 148) are conserved in all the great 
apes and appeared to have changed only in the human lin-
eage. Interestingly, the amino acid residues at positions 66 
and 148 in huCD33 are isoleucine and leucine respectively, 
similar to that of chimpanzee and bonobo. The corre-
sponding amino acids in its more distant evolutionary rela-
tive, gorilla, are phenylalanine (Phe) (at position 66) and 
valine (at position 148). The presence of the same amino 
acid in human, chimpanzee, and bonobo at these positions 
suggests a more ancient occurrence of these two changes, 

possibly before the divergence of chimpanzee about 6– 
8 Ma. In contrast, it has previously been shown that the 
two linked SNPs, resulting in the splicing of the V-set trun-
cated isoform represent a derived evolutionary modifica-
tion of the CD33 proteins in humans and are absent in 
chimpanzees (Schwarz et al. 2016).

To further understand the selection pressure, we calcu-
lated the nonsynonymous to synonymous substitution 
rate ratio (omega, ω= d[N]/d[S]) for the CD33 V-set do-
mains of human and other great apes. The omega value 
of CD33 V-set domain is greater than >1 (ω= 1.49), which 
reflects V-set domain evolution under positive selection. 
Subsequently, we also analyzed the Ka/Ks ratios of exon 2 
sequences in every species. Except for gorilla, the other 
two great apes (chimpanzee and bonobo) showed Ka/Ks ra-
tios greater than one indicating that high Ka/Ks ratio of 
exon 2 is not an accidental event but an evolutionary phe-
nomenon. Taken together, these results demonstrate that 
CD33 in humans has been rapidly evolving under positive 
selection, distinct from its orthologs in the great apes.

Archaic Neanderthal and Denisovan Genomes Share 
Most huCD33 Protein Changes, Except for the SNPs 
for the LOAD-Protective Allele
Divergence of humans from other ancient hominin lineage 
such as Neanderthals and Denisovans has been estimated to 
date back ∼0.5 Ma (Green et al. 2010). Although full-length 
CD33 itself is an ancient molecule, we noted that the 
AD-protective CD33 truncated isoform is recently derived 
in humans, postdating our divergence from Neanderthals 
and Denisovans (Schwarz et al. 2016). Since huCD33 extra-
cellular domains showed high accumulation of changes 
compared with the great apes, we wanted to determine if 
these changes were present in the common ancestor of 
the hominin lineage. We, therefore, compared CD33 protein 
sequences from six Neanderthal and two Denisovan archaic 
genomes obtained from the Max Planck Institute for 
Evolutionary Anthropology (Prufer et al. 2014) (http:// 
cdna.eva.mpg.de) with the corresponding human se-
quences of the 1000 Genome database (fig. 1B). 
Interestingly, all the amino acid residues in huCD33 that 
are different from the great apes are present in the ancient 
genomes, suggesting their occurrence in a common ances-
tor. These observations thus suggest that the complete loss 
of Sia-binding V-set domain is the latest evolutionary modi-
fication of huCD33, likely succeeding the individual amino 
acid changes within its extracellular domain.

A Single Amino Acid Change Facilitated CD33 
Engagement to the Uniquely Human Pathogen 
Neisseria gonorrhoeae
In addition to microglial expression in the brain, CD33 is 
also present on tissue macrophages and peripheral blood 
monocytes (Schwarz et al. 2016). These cells are important 
components of innate immune responses throughout the 
body, including the reproductive tract. The human female 
reproductive tract is also a unique niche for the 
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FIG. 1. Human-specific changes in CD33 are primarily present in the Sia-binding V-set domain. (A) Comparison of amino acid sequences of CD33 
from humans and “great apes” was performed using Conformational Analysis Tools software. The Great ape genomes included in the analysis are 
gorilla, chimpanzee, and bonobo and were compared against the human protein as the template. The conservation of the sequence is indicated 
with yellow being the most and red being the least conserved regions. Amino acids that are different from huCD33 are highlighted in pink. 
Amino acids encoding the different CD33 domains are indicated above the sequence with different colors corresponding to schematic in inset, 
namely, V-set domain in green, C2 domain in light blue, transmembrane domain in gray, and cytoplasmic end in light pink. The flexible C–C′ 
loop is indicated in orange. Amino acids that are in contact with Neu5Ac in huCD33 are highlighted in magenta and N-glycosylation sites in blue. 
(B) Phylogenetic analysis of the evolution of the extracellular domains of CD33 proteins from human, Great apes, and archaic genomes. The 
number of genomes (n) for each group included in the analysis is indicated. Human and great ape CD33 sequences were compared with six 
Neanderthal and two Denisovan genomes. Amino acid changes present in huCD33 were also present in the ancient genomes. The positions 
of the amino acids that are different between human and the apes are mentioned, and the identity of the amino acid present in the correspond-
ing positions for each group is indicated by the single letter abbreviations along the branch. Amino acids at positions 152 and 154 are within the 
C2 domain of CD33 protein and italicized. Polymorphisms within the human population at positions 22, 65, and 69 of CD33 protein are indi-
cated. Amino acids in gorilla CD33 at positions 66 and 148 are different from other apes and are bold. Possible timeline for the diversion of the 
hominin lineage is indicated in the tree. Length of the branches in the tree is not to scale.
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microbiome, which can be invaded by important patho-
gens like N. gonorrhoeae (Ng). Ng is a uniquely human in-
fectious agent, responsible for the second most prevalent, 
sexually transmitted infection causative for the disease 
gonorrhea in human populations. Gonorrhea affects 
both males and females and if untreated, can have detri-
mental effects on reproductive health (Edwards and 
Apicella 2004). We have previously shown that Ng inter-
acts with huCD33 but not the chimpanzee ortholog 
(Landig et al. 2019). The bacterium is incapable of en-
dogenous Neu5Ac synthesis, but instead scavenges the 
molecule from its host (Parsons et al. 1988; Apicella et al. 
1990). Once inside the female reproductive tract, Ng uti-
lizes the host sugar nucleotide CMP-Neu5Ac from its 
microenvironment to transfer Neu5Ac onto its own bacter-
ial lipooligosaccharide. Sialylated Ng then successfully inter-
acts with several human Siglecs including 3 (CD33), 5, 9, 11, 
14, and 16 (Landig et al. 2019). However, unlike other Siglec 
interactions, Ng binding to CD33 appears to be entirely Sia 
dependent. Interestingly, of all the Neisseria species current-
ly known, only Ng and N. meningitidis are pathogenic to hu-
mans and both are thought to be evolutionarily young 
compared with others (Caugant and Brynildsrud 2020). 
Since reproductive health/success of an organism is the 
key determinant of Darwinian fitness, we hypothesized 
that highly infectious disease like gonorrhea could poten-
tially impact the evolution of humans, mediated through 
binding immune-modulating proteins like CD33.

To explore our hypothesis, we examined the binding of 
sialylated Ng to different recombinant CD33 protein mu-
tants, each containing the two extracellular domains with 
an amino acid residue changed from human to chimpanzee 
at the corresponding positions identified in figure 1B. 
Fluorescently labeled Ng was allowed to interact with hu-
man recombinant Fc-chimeric constructs of the CD33 pro-
teins that were immobilized onto protein A-coated plates 
(fig. 2A and B). Sia-dependence of the interaction was con-
firmed by comparing binding with bacteria grown in the 
presence and absence of CMP-Neu5Ac (supplementary 
fig. S1A, Supplementary Material online). We observed a sig-
nificant reduction in bacterial binding to chimpanzee CD33 
(chCD33) compared with human protein containing both 
V- and C2-domains. However, in the absence of the V-set 
domain in the truncated form of huCD33 (CD33m), bacter-
ial binding was lost. Except for the residue at position 21, all 
the other amino acid alterations from human to chimpan-
zee CD33 maintained high bacterial binding. In fact, chan-
ging the amino acid residues at positions 22, 65 (of the 
V-set domain), 152, and 154 (of C2 domain) increased the 
binding significantly compared with wildtype huCD33. In 
contrast, mutating the amino acid at position 21 from hu-
man to chimpanzee residue completely abolished huCD33 
binding of sialylated Ng. Interestingly, mutating the chim-
panzee CD33 amino acid at position 21 to its corresponding 
human residue enabled Ng to now engage chimpanzee 
CD33 (fig. 2C and D). Considering that Ng and its closest 
relative meningococcus are both uniquely human patho-
gens thought to have evolved from commensal Neisseria 

(Seifert 2019), our data suggest important implications of 
CD33 amino acid change at position 21 on Ng–huCD33 
interaction and their mutual evolution.

Many Amino Acid Changes in CD33 Extracellular 
Domains Impact GBS Engagement
Although the association of Neisseria with CD33 is a case of 
Sia-mediated interaction, there are other examples of hu-
man pathogens that engage Siglecs in Sia-independent 
manner. One such example is GBS, which has been widely 
studied for its various Siglec interactions (Carlin et al. 
2007). GBS is an encapsulated pathogen commonly asso-
ciated with pneumonia, sepsis, and meningitis in infants 
and neonates. It comprises nine serologically distinct 
groups (Ia, Ib, and II–VIII), differing in their capsular sialo-
glycan structures, but all containing α2-3-linked terminal 
Neu5Ac. Certain GBS strains have been shown to bind hu-
man Siglecs 5 and 7 in a Sia-independent manner through 
cell wall anchored β-protein (Fong et al. 2018), whereas 
some Sia-dependent binding was observed for CD33 and 
Siglec-9. Human Siglec-9 binding is also thought to be par-
tially Sia independent. Interestingly, some GBS strains are 
also known to interact with nonhuman primate Siglecs, 
for example, Siglec-9 from chimpanzee (Padler-Karavani 
et al. 2014). Since infections by GBS mostly impact new-
borns and infants, we hypothesized that it could also 
play a role in overall Siglec evolution in humans. Similar 
to the Ng-CD33 binding assay (as in fig. 2A), we examined 
the interactions between the recombinant CD33 proteins 
and GBS group III strain, COHI (fig. 2E). Although the bac-
teria bound strongly with full-length extracellular domains 
of huCD33, the binding was significantly reduced in the 
truncated human isoform (CD33m) and the chimpanzee 
protein. Like Ng, GBS COHI interaction was also markedly 
disrupted by amino acid changes at position 21. 
Additionally, changing the residues at positions 20 and 
65 from human to chimpanzee significantly reduced the 
bacterial interaction with CD33. However, GBS COHI en-
gagement with the CD33 mutants was not entirely Sia de-
pendent (fig. 2F). Using GBS COHIΔneuA, a mutant strain 
lacking its sialyltransferase enzyme (NeuA) and hence in-
capable of surface sialylation, we observed that about 
50% of the bacterial binding to CD33 could be attributed 
to Sia-independent interactions. Interestingly, the CD33 
binding profile of COHI was not uniform for the other ser-
ogroups of GBS, for example, GBS group Ia strain, A909 (fig. 
2G). None of the amino acid changes showed significant 
effects on CD33 interaction with GBS A909, relative to 
the wildtype human protein. Even the truncated huCD33 
isoform (CD33m) displayed similar binding suggesting 
that the CD33 binding for A909 is primarily Sia independ-
ent. Unlike Ng and GBS, we did not observe any differential 
sialoglycan binding with E. coli K1, another uniquely human 
pathogen of newborn infants, which contains Sia polymers 
on its surface (supplementary fig. S1B, Supplementary 
Material online). Altogether, the data demonstrate the di-
verse nature of CD33-interactions in just three major 
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pathogens and suggest an impact of uniquely human 
pathogens in the evolution of CD33 ligand-binding domain.

Ancestral Sialoglycan Preference of CD33 is Disrupted 
by Amino Acid Change at Position 21
A key change in the evolution of humans was the loss of 
CMP-Neu5Ac hydroxylase (CMAH), the enzyme that 

converts CMP-Neu5Ac to CMP-Neu5Gc resulting in a pri-
marily Neu5Ac-rich sialome in humans, unlike any other 
Old-World primates, which express both Neu5Ac and 
Neu5Gc. This change is dated to ∼2–3 Ma when human 
ancestors were evolving from ancestral hominins. Since 
we observed numerous changes mainly in huCD33 V-set 
domain, which is critical in sialoglycan interaction and 

FIG. 2. Human-specific amino acid changes in CD33 affects bacterial binding. (A) Schematic of the ELISA-based assay using recombinant CD33-Fc 
chimeric proteins immobilized on protein A coated plates used to determine binding of the sialylated bacteria is shown. (B) Binding of fluor-
escently labeled Neisseria gonorrhoeae (Ng) was determined. The position of the amino acid different from the wildtype huCD33 protein is in-
dicated below each bar in the x-axis. The bacterial binding to each individual CD33 mutant was normalized to the binding of wildtype huCD33 
for that assay. “None” indicates no protein control for the background bacterial binding to the plate. (C ) Binding of Ng to immobilized recom-
binant CD33 proteins containing the corresponding amino acid mutation (position 20 or 21) either in human or chimp CD33 protein backbone. 
(D) Pictorial summary of Ng binding to CD33 wild type and mutant proteins. (E) Binding of GBS COH1 strain to different CD33 mutant proteins 
in an ELISA-based assay with immobilized recombinant CD33 proteins. (F) Sialic acid dependence of the binding was determined using wildtype 
and ΔneuA mutant strains of COH1. (G) Interaction of CD33 proteins among different GBS strains was compared using A909 and COH1 strains. 
‘hu’ indicates the corresponding amino acid change in huCD33 backbone and ‘ch’ using chimp CD33. The graphs show the cumulative result 
from three independent experiments, each done in triplicate. Statistical analysis was performed in Prism software using one-way ANOVA with 
Durrett post-comparison test. *<0.01, **<0.001, ***<0.0001.

6

https://doi.org/10.1093/molbev/msac151


Evolution of Human-Specific Alleles · https://doi.org/10.1093/molbev/msac151 MBE

therefore important for its downstream signaling path-
ways, we wanted to specifically understand the effect on 
CD33 sialoglycan interactions. We used a microarray of che-
moenzymatically synthesized glycans with defined struc-
tures, terminally capped with either Neu5Ac or Neu5Gc 
in different glycosidic linkages (fig. 3A and B) and examined 
their relative interactions with recombinant, soluble CD33 
proteins (fig. 3). HuCD33 with V- and C2- domains bound 
to both Neu5Ac and Neu5Gc-terminating sialoglycans 
and showed maximum binding when the Sia was 
α2-6-linked to an underlying lactose or lactosamine glycan 
(supplementary fig. S2, Supplementary Material online). 
Most of this binding was lost in the truncated huCD33 lack-
ing the Sia-binding V-set domain, indicating that the inter-
actions are Sia dependent. Conversely, the chimpanzee 
protein (which is identical to the bonobo orthologs and dif-
fers by only two amino acids from the gorilla) demonstrated 
a strong preference toward Neu5Gc-terminating sialogly-
cans and showed almost no binding for Neu5Ac-epitopes 
(fig. 3A and 3C). Considering the varied sialoglycan profiles 
of the two organisms, these distinct binding preferences of 
human and chimpanzee CD33 are interesting and suggest 
functional implications of the evolutionary changes in their 
extracellular domains.

Because the impact of amino acid residue at position 21 
was most pronounced in both of our bacterial-CD33 bind-
ing assays (fig. 2B and D), we next examined the influence of 
this change on CD33–sialoglycan binding (fig. 3 and 
supplementary fig. S2, Supplementary Material online). 
Indeed, changing the amino acid at position 21 completely 
altered Sia-epitope preference of CD33 for both human and 
chimpanzee. The presence of human amino acid residue at 
position 21 enabled strong binding of Neu5Ac-epitopes by 
chCD33, unlike its entirely Neu5Gc-preferring wildtype 
counterpart (fig. 3A and C). On the other hand, the chim-
panzee amino acid at the same position in huCD33 abol-
ished its Neu5Ac binding. To determine if the Sia-binding 
changes are specific for position 21 and not an arbitrary ef-
fect of any amino acid change in V-set domain, we also 
looked at the Sia-epitopes of position 20 amino acid substi-
tutions. Unlike position 21, amino acid modifications at pos-
ition 20 did not have any major impact on the Sia-binding of 
CD33, which maintained the overall wildtype profile. 
Interestingly, modifications at position 22 demonstrated 
Neu5Ac-prefered binding for huCD33, whereas chimpanzee 
amino acid residues at 65 and 66 of huCD33 almost abol-
ished any sialoglycan binding. Altogether, the data empha-
sized the importance of different amino acid changes in 
huCD33 V-set domain in its sialoglycan binding and identi-
fied the amino acid at position 21 to be critical in the func-
tionality of CD33 protein.

Molecular Dynamics Simulations Provide Structural 
Insights for the Differences in Sia-Binding Preference 
Between Human and Chimpanzee CD33
We performed an extensive theoretical investigation based 
on molecular dynamics (MD) simulations. A detailed 

analysis of several available crystal structures of huCD33 
revealed that the V-set domain is dynamic. For example, 
the C–C′ loop as well as the side chains of phenylalanine 
at position 21 (Phe21) and histidine at position 45 
(His45) are resolved in two different conformations in 
PDB entry 5ihb (supplementary fig. S3, Supplementary 
Material online). Of all the amino acids that differ between 
human and chimpanzee, only the side chain of Phe21 is in 
direct contact with a bound Neu5Ac residue in the crystal 
structures of huCD33 (through the methyl group at pos-
ition 5). Based on the assumption that Neu5Gc binds to 
the same binding site as Neu5Ac, the change in binding 
preference from Neu5Gc (in chimpanzee) to Neu5Ac (in 
human) cannot be explained by a simple I21F mutation. 
Both amino acids have hydrophobic side chains that can-
not establish favorable interactions with the polar glycolyl 
group. Consequently, there is probably a more complex rea-
son for the shift of binding preference. Based on data de-
rived from 47 MD simulations covering an accumulated 
timescale of more than 100 µs, we conclude that in 
chCD33 His45 adopts mainly the “up” conformation (com-
pare fig. 4A), which allows favorable hydrogen bonding with 
the glycolyl group. MD simulations (as well as X-ray crystal-
lography) show that in huCD33 His45 can also exist in the 
“up” conformation (compare figs. 4C and supplementary 
fig. S4, Supplementary Material online), which would be 
compatible with favorable Neu5Gc binding. However, 
when His45 is in the “down” conformation Phe21 can stack 
partly with tyrosine (Tyr) at position 127 (fig. 4B) forming a 
small hydrophobic pocket, which allows the methyl group 
of Neu5Ac to bind favorably. To demonstrate if the binding 
affinity difference between Neu5Ac and Neu5Gc may be in-
deed correlated to the up/down conformational equilib-
rium of His45, we performed a series of MD simulations 
of chCD33 on the microsecond timescale where 
Neu5AcOMe or Neu5GcOMe molecules are present in 
the solution. The lifetimes of the complexes spontaneously 
formed during the MD with Neu5Gc are on average much 
longer when His45 is “up” (fig. 4D top, supplementary fig. S4, 
Supplementary Material online). In contrast, the lifetimes of 
the complexes spontaneously formed with Neu5Ac are 
much shorter independent of the conformational state of 
His45 (fig. 4D bottom), which would explain the lack of 
measurable binding affinity of Neu5Ac to chCD33. In sum-
mary, our extensive MD simulations—including unbiased 
simulation of carbohydrate binding and unbinding events 
—could provide a reasonable explanation for a change in 
binding specificity that is likely to be caused by an alteration 
of the protein–ligand interaction pattern remote from the 
mutated amino acid.

Human-Specific Polymorphisms in Cognitive 
Health-Related Genomic Variants are Present in All 
Human Populations
In an earlier study, we observed several genes, directly as-
sociated with neurodegenerative diseases or correlated 
with aggravation of the cognitive decline in aged- 
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FIG. 3. Single amino acid changes affect CD33 sialoglycan binding. (A) Sialoglycan-binding profile of purified, soluble, recombinant CD33 proteins 
was determined using a sialoglycan microarray containing defined, chemically synthesized glycans (experiment schematic shown in B). 
Nonsialylated, Neu5Ac- (indicated in purple on the left) and Neu5Gc- (indicated in blue) terminating glycans were grouped together in the 
heatmap as shown in the left. Each column indicates the binding profile of the protein indicated on the top and each row represent a distinct 
glycan. Blue indicates no binding and red indicates very strong binding preferences characterized by an average relative fluorescence unit (RFU) 
of more than 90th percentile. The result of the heatmap is summarized in the cartoon (C ) with the colored diamonds corresponding to the 
termination Sia and supplementary figure S2, Supplementary Material online. The names of the individual glycans are presented in 
supplementary file S1, Supplementary Material online.
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population, are derived alleles in humans (Schwarz et al. 
2016). Increasing evidence of correlation between cogni-
tive health and nonneurological, metabolic conditions, 
for example, diabetes (Peila et al. 2002, Munshi 2017) sug-
gest that such derived alleles could be important in the 
maintenance of cognitive health in human grandparents. 
Here, we expanded this list of cognition-protective gene 
variants through the literature and database (https:// 
alzoforum.org) searches (Finch and Sapolsky 1999; 
Altshuler et al. 2000; Nakajima et al. 2004; Thompson 
et al. 2004; Vander Molen et al. 2005; Helgason et al. 
2007; Wen et al. 2007; Carrasquillo et al. 2011; Naj et al. 

2011; Raj et al. 2014; Xu et al. 2015; Liu et al. 2018; 
Rathore et al. 2018) to include additional gene variants, 
namely BINI, ARID5B, PICALM, PILRA. Supplementary table 
S1, Supplementary Material online describes the character-
istics of 13 human genes that are implicated in diseases in-
cluding dementia, cardiovascular diseases, hypertension, 
and AD. Although some of these physiological abnormal-
ities like salt retention, hypertension, diabetes, appear non-
neurological, they have been associated with the 
aggravation of the pathologies resulting in late life cognitive 
decline (Iadecola 2013). Notably, the derived alleles are 
common and found in globally diverse human populations, 

A B

C D

FIG. 4. Structural modeling to understand the differential binding preference of human and chimpanzee CD33 proteins. (A) 3D model of the 
complex between Neu5Gcα2–3Galβ1–4GlcNAcβOMe and chCD33. The increased affinity of Neu5Gc may be explained by intermolecular 
hydrogen bonds involving the OH-group of Gc. It should be noted that the number of favorable interactions is maximal when His45 is in 
“up” conformation. (B) 3D model of the complex between Neu5Acα2–3Galβ1–4GlcNAcβOMe and huCD33. The methyl group of Ac is located 
in a small hydrophobic pocket formed by the side chains of Tyr127 and Phe20. It should be noted that His45 is in “down” conformation because 
otherwise—in the conformation shown—the bulky side chain of Phe20 would overlap partly with His45 in “up” conformation. (C ) MD of His45 
side chain orientation. Accumulated MD trajectories of torsion angle N–Cα–Cβ–Cγ are shown. The “up” conformation is present when torsion 
values are fluctuating around 200° and the “down” conformation is characterized by values around 70°. For chimpanzee, it can be observed 
reproducibly that simulations started with His45 in “down” conformation undergo a transition to the “up” conformation on the microsecond 
timescale. In contrast the “down” conformation appears to be more stable in huCD33, which would make Neu5Ac binding more likely. (D) MD 
simulation of unbiased binding and unbinding events of Neu5Gc (top) and Neu5Ac (bottom) to chCD33. For Neu5Gc the lifetime of the com-
plex is significantly longer when His45 is in “up” conformation, as can be seen from the 6.5 µs MD simulation shown on the top. Also, for Neu5Ac 
multiple binding and unbinding events occurred on a timescale of about 20 µs, however, in general (with one exception), the lifetimes of the 
complexes formed are significantly shorter than for Neu5Gc.
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indicating that they predate the common ancestor of mod-
ern humans (supplementary table S2, Supplementary 
Material online).

SNPs Associated with Human-Specific 
Cognitive-Protective Alleles are Unusual in their 
Absence in the Archaic Hominin Genomes
With the availability of genomes from extinct archaic ho-
minins (Reich et al. 2010; Meyer et al. 2012; Prufer et al. 
2014), a set of SNPs can be assessed as to whether their 
protective phenotypes arose recently in the evolutionary 
history of anatomically modern humans. We previously 
showed that many other human–chimpanzee differences 
were shared with archaic hominins (Denisovan/ 
Neanderthal) genomes; for example, genomic changes in 
CD33rSiglecs (Khan, de Manuel, et al. 2020; Khan, Kim, 
et al. 2020). To gain similar insights about the evolutionary 
origin of these cognitive-protective loci, we analyzed the 
Neanderthal and Denisovan reference genomes and com-
pared them with modern human sequences. Analysis of 
the 1000 Genomes dataset shows the presence of 

protective alleles in human populations with variable fre-
quency (table 1). Analysis of the available genomic data 
from Neanderthal and Denisovan genomes showed that 
only two derived variants (rs2975760 and rs2588969; table 
1) are present in these archaic genomes, suggesting the re-
maining 11 derived, protective variants arose after the di-
vergence of modern and archaic hominins ∼0.5 Ma (Green 
et al. 2010; Mendez et al. 2016). This is in striking contrast 
to most human–chimpanzee genomic differences in which 
the archaic hominins are similar to humans. In fact, the 
majority of the Sia-related genes lack positive selection sig-
natures and rather show neutral evolution in the modern 
human lineage (Moon et al. 2018). To more formally assess 
whether the high frequency, global distribution, and re-
cent origin observed for 11 of the 13 SNPs is unusual, we 
performed a resampling analysis of variants in the genome. 
Variants in the 1000 genomes dataset that met the follow-
ing criteria were considered: (1) present in both Altai 
Neanderthal and Denisovan minimal filters, (2) derived 
in at least one modern individual from nonadmixed 
African populations, (3) called in both archaic samples, 
and (4) have an ancestral allele matching the reference 

Table 1. Gene Variants Directly or Indirectly Affecting Cognitive Function.

Gene Associated Diseasea SNP ID hg19 Position Allele Derived Global AFb Archaic Genotype

Altai Denisovan

AGT Sodium retention rs699 1:230845794 G 0.295 0/0 0/0
A

BIN1 AD rs7561528 2:127889637 A 0.8 0/0 0/0
G

SGC2 Hypertension rs1017448 2:224466344 T 0.879 0/0 0/0
C

CAPN10 Type II Diabetes rs2975760 2:241531163 C 0.882 1/1 1/1
T

PPARG Type II Diabetes rs1801282 3:12393125 C 0.070 0/0 0/0
G

CYP3A5 Sodium retention rs776746 7:99270539 T 0.621 0/0 0/0
C

ARID5B AD rs2588969 10:63611354 A 0.532 0/0 1/1
C

SPON1 Dementia rs2618516 11:14021639 C 0.341 0/0 0/0
T

PICALM AD rs10792832 11:85867875 G 0.313 0/0 0/0
A

rs3851179 11:85868640 C 0.315 0/0 0/0
T

APOE LOAD rs429358 19:45411941 C 0.849 0/0 0/0
T

rs7412 19:45412079 C 0.075 0/0 0/0
T

CD33 LOAD rs3865444 19:51727962 C 0.211 0/0 0/0
A

PILRA AD rs1859788 7:99971834 G 0.341 − −
A

TCFLC2 Type II Diabetes rs7903146 10:114758349 T 0.772 − −
C

CD33 LOAD rs12459419 19:51728477 C 0.211 − −
T

NOTE.—Allele has the derived allele as the lower, bolded entry. Archaic genotypes are reported for SNPs passing all quality filters. 
aSee supplementary table 1, Supplementary Material online for details and the primary literature citations. 
bSee supplementary table 2, Supplementary Material online for the global population distribution.
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or alternative allele. To eliminate any bias in the analysis 
and match the allele frequency (AF) of these SNPs com-
pared with that of any random SNPs, we first matched 
our universe of SNPs to the 13 SNPs of interest by AF, ± 
2 derived haplotypes (fig. 5). Resampling was then per-
formed by drawing a SNP from each of the 13 matched 
sets and assessing how many derived alleles were observed, 
resulting in a P-value = 0.08333 ± 0.00003. As a less conserva-
tive estimate, directly sampling from the universe of SNPs and 
estimating the probability of observing at most two derived 
SNPs and a mean AF as large as the empirical variants of inter-
est produced a highly significant P-value = 0.00487 
(supplementary fig. S5, Supplementary Material online). 
Repeating either analysis on the set of other SIGLEC-related 
SNPs indicates that they are consistent with a random 
draw from the genome (Khan, de Manuel, et al. 2020). 
Regardless of the individual limitations, taken together our 
phylogenetic analyses demonstrate the unique patterns of al-
lele frequencies in worldwide populations distribution of 
these 13 late life cognitive decline-linked SNPs (fig. 5). 
Interestingly, coinherited CD33 SNPs associated with the cog-
nitive health in LOAD are present only in modern human 
genomes (Schwarz et al. 2016). A noteworthy example in 
our list is the human gene encoding the protein, apolipopro-
tein E (APOE), involved in fat metabolism in mammals. APOE 
gene exists in three allelic variants (E2, E3, and E4) where 
APOE4 is associated with high risk of LOAD and other allele 
like APOE2 is protective against the cognitive decline in eld-
erly caregivers (Reiman et al. 2020). Interestingly the presence 
of APOE4 is also correlated with the protection from severe 
diarrhea in children (Oriá et al. 2005). Although conclusive 
determination of the positive selection of these alleles in 
modern human requires further analysis, our data suggest 
that the evolutionary origin of most of these cognitive health- 
protective changes followed after the divergence of modern 
humans from archaic genomes. This is also supported by the 
presence of grandparents, uniquely in humans. Regardless, 
the process of evolutionary emergence of each of these alleles 
is likely to be distinct and deserves further investigation.

Discussion
Fossil evidence and genomic comparisons leave little 
doubt about the fact that our species evolved from an 
African hominin. However, the detailed understanding of 
modern human origins is plagued by numerous uncertain-
ties, with regard to the identity of the ancestral lineage and 
precise geographic locations. The evolution of modern hu-
mans was accompanied by many anatomical and behav-
ioral changes, but increasing evidence suggests it also 
included uniquely human-derived modifications in the 
genome compared with the archaic genomes 
(Neanderthal/Denisovan) or the genome of the great 
apes (Schwarz et al. 2016; Khan, de Manuel, et al. 2020). 
Taken together with our previous study (Schwarz et al. 
2016), we have identified many such human-specific genes 
associated with cognitive health of grandmothers and 
other human elders who are often involved in the caregiv-
ing of the young. These findings, which appear paradoxical 
to the concept of senescence due to antagonistic plei-
otropy, have lent much additional support to the 
“Grandmother hypothesis” (Hawkes et al. 1998) bolstering 
the case for the selection of human female postreproduc-
tive survival and the existence of grandmothers. Unlike in 
any other mammals (except orcas and some other toothed 
whales), the occurrence of this prolonged postreproduc-
tive life span in humans has stirred scientific interest. 
Although deciphering the precise evolutionary course of 
any gene/protein is challenging and the proposed 
schemes/players are not entirely verifiable, here we at-
tempt to compile the current evolutionary and experi-
mental findings of one such protein associated with late 
life cognitive decline: CD33.

A ratio of high wildtype huCD33 and a low truncated iso-
form of CD33 have been implicated in the progression of 
LOAD associated with the cognitive health of elderly popu-
lation. In contrast, LOAD is unknown in chimpanzees, al-
though evidence of LOAD pathologies has been observed 
in some chimpanzee brains. We found that huCD33, which 

FIG. 5. Resampling analysis with matched AF SNPs from 1000 genomes variants. Frequency distribution of SNPs with similar properties to 
LOAD-protective set (A) and other SIGLEC SNPs (B).
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is highly expressed in microglia of the human but not chim-
panzee brain, recognizes Neu5Ac—the predominant Sia 
synthesized in humans—as SAMPs. In contrast, our closest 
evolutionary relative, the apes and other old-world primates 
contain both Neu5Ac and Neu5Gc. We found that the an-
cestral form of CD33 in chimpanzees and other great apes 
selectively recognizes only Neu5Gc-glycans as SAMPs (fig. 3). 
Notably, Neu5Gc—the ligand recognized by chCD33 is 
rare in chimpanzee brain, and there is also significantly 
less chCD33 protein compared with CD33 in humans 
(Schwarz et al. 2016). On the other hand, SNPs resulting 
in the truncated CD33 have only been observed in the hu-
man genome and not any of the archaic or great ape gen-
omes. We also find that the truncated huCD33 does not 
interact with Sia (fig. 3). Taken together, these observations 
suggest that full-length CD33–Sia interactions are stronger 
in human brain compared with chimpanzee and the 
human-specific SNPs in CD33 resulting in the truncated 
protein abolish this interaction.

The CD33–Sia (i.e., protein–ligand) interaction in the 
human brain is important, given the immunoinhibitory 
function of CD33 in the microglia and the overall roles 
of microglia in the maintenance of brain homeostasis, in-
cluding the immune surveillance to clear damaged cells 
and amyloid plaques comprising of β-amyloid (Aβ) pep-
tides (Colonna and Butovsky 2017). Extracellular accumu-
lation of Aβ peptides and intracellular phosphorylation of 
the tau proteins are pathophysiology associated with AD 
brains. Microglial expression of high full-length CD33 pro-
tein and/or low truncated CD33m isoform indicates in-
creased interactions with the Sia-ligands and hence, 
inhibition of the immune activation of microglia mediated 
by CD33 cytosolic ITIM (or ITIM-like) motifs and therefore, 
low phagocytosis of the damaged proteins, including amyl-
oid plaques rich in Sia residues (Szumanska et al. 1987; 
Salminen and Kaarniranta 2009). This is further evident 
in studies with CD33 null mice where reduced expression 
of CD33 in the microglia and lower number of CD33 posi-
tive microglial cells are correlated with lower brain accu-
mulation of insoluble Aβ (Griciuc et al. 2013). Similar 
observations were made with CD33 knockout in human 
microglia and macrophages (Wißfeld et al. 2021), where 
CD33 absence resulted in increased amyloid plaque clear-
ance. In fact, CD33 is among one of the most common 
genes linked with AD in genome-wide studies (Naj et al. 
2011) and is reviewed as potential candidate for therapeutic 
interventions against LOAD (Zhao 2019; Griciuc et al. 2020). 
Notably, cognitive health has also been associated with 
changes in the inflammatory activity in the brain (Simen 
et al. 2011; Tangestani Fard and Stough 2019), with in-
creased neuroinflammation observed in aged brain and cog-
nitive pathologies like AD (Eikelenboom and van Gool 2004; 
Eikelenboom et al. 2006). Altogether, these findings also ex-
cite the evolutionary interest in the genomic changes of im-
munomodulatory proteins like CD33 and their role in the 
cognitive health in human, especially elders.

In addition to the brain microglia, CD33 is an important 
immune modulator of hematopoietic cells where this 

innate receptor prevents the immune activation of the 
peripheral macrophages against SAMPs on the surface of 
self-cells. The absence of the ligand-binding V-set domain 
in truncated CD33m, therefore, prevents the suppression 
of macrophage phagocytic activity against the self-cells 
and contributes to more active immune cells. In this re-
gard, it is important to note that unlike full-length CD33, 
CD33m isoform is not expressed on the cell surface, but in-
stead stored intracellularly (Siddiqui et al. 2017; Saha et al. 
2019). Therefore, the question remains what could have led 
to the selection of the truncated isoform of huCD33 that 
does not interact with Sia? In this regard, CD33 on macro-
phages plays crucial roles in different immune responses as 
well as during infections. HuCD33 has also recently been 
shown to be involved in immunomodulation during infection 
with hepatitis B virus (Tsai et al. 2021). Our previous and cur-
rent data show that uniquely human pathogens like Neisseria 
and GBS display Neu5Ac, that is, recognized as “self” by hu-
man but not chimp CD33 (Landig et al. 2019). In the current 
work, we further found that the Sia-binding-domain-depleted, 
truncated huCD33 isoform does not bind and thus escaped 
exploitation by sialylated pathogens (fig. 2). This suggests 
that this truncated CD33 may have been an adaptation to 
counter the CD33-exploiting, immune-evasive behavior of 
pathogens like Neisseria and GBS.

Taking together all currently available experimental 
data (including this study), we attempt to draw a plausible 
evolutionary scenario for CD33 protein evolution in hu-
mans and present in the context of relevant evolutionary 
events (fig. 6A). We hypothesize that the scarcity of the 
strongly preferred Neu5Gc ligand of ancestral CD33 in 
the brains of chimpanzee (and other great apes) was asso-
ciated with low microglial expression. Subsequent hominin 
loss of CMAH (i.e., complete loss of Neu5Gc ligand) could 
then have been selected for the upregulation of CD33 le-
vels perhaps to compensate for the loss of ligands, a 
change to Neu5Acbinding preference, and functional re-
cruitment of CD33 to human microglia. Alongside the 
microglial CD33, the corresponding changes in the tissue 
macrophage proteins might have facilitated the emer-
gence of Neu5Ac-coated pathogens (for example, N. go-
norrhoeae and GBS) that evolved “molecular mimicry” of 
Neu5Ac-SAMP ligands to manipulate the immune re-
sponse (fig. 6B). Appearance of the truncated isoform lack-
ing the ligand-binding domain (CD33m), then probably 
allowed CD33 to escape the immune evasion by these sia-
lylated pathogens (fig. 2). This selection pressure to stop 
manipulation by sialylated pathogens could have also al-
tered splicing toward a higher level of truncated CD33, 
which also gets diverted to peroxisomes (Siddiqui et al. 
2017). Although the significance of this diversion is un-
clear, decrease of full-length CD33 would facilitate escape 
from Neu5Ac-coated, CD33-engaging pathogens.

Finally, sometime during the last 2 million years, increased 
brain size (both relative and absolute) must have resulted in 
an increasingly prolonged period of development and matur-
ation (Charnov et al. 2001). The selective forces underlying 
this increase remain to be identified and could range from 
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ecological, social, and technocultural, or more likely complex 
combinations thereof, including important contributions 
from language, a diagnostic feature of our species without 
clearly determined age of appearance. This also resulted in 
more helpless young and would have greatly benefited 
from cooperative breeding and caregiving (allomothering). 
It has been proposed that the origin of grandmothers 

may date back to the beginning of the genus Homo and 
may have directly contributed to altered anatomy and life 
history in our genus, long before the advent of Homo sapiens. 
One important effect of grandmother subsidies for the young 
could have been its contribution to the reduction in inter- 
birth interval, characteristic of our species, as compared 
with living great apes. Another great impact of allomothering 

FIG. 6. Scenario for evolution of huCD33 in relationship to cell surface sialic acids, infectious disease, brain microglia, and cognitive maintenance 
of grandmothers and other elderly caregivers. (A) This schematic presentation combines the known/likely facts (white boxes, including data 
from this manuscript) as well as suggested possibilities (gray boxes) into the most likely evolutionary scenario for human-specific evolution 
of CD33. Starting from the left, the likely chronological order of occurrence is indicated (by arrowheads) with the approximate timeline on 
the top, along the dotted lines. “?” indicates our reasonable assumption leading to the event. (B) Pictorial summary of the Siglec interactions 
with sialylated bacteria and the effect in the immune modulation. (C ) Occurrence of key evolutionary events presented in the chronological 
order based on the currently available data. See text for further discussion.
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by grandmothers and postreproductive elders would have 
been the transmission of knowledge and norms, which cru-
cially rely on the capacity for language in our species and re-
mains without demonstrated counterpart in any other 
species (fig. 6C). Importantly, both types of contribution 
would also have helped reduce extrinsic mortality, which 
would have in turn led to further increases in longevity. 
However, the value of postmenopausal grandmothers and 
other elderly caregivers would then have been seriously 
blunted by the appearance of LOAD or any other cognitive 
decline. The synthesis of the truncated isoform of CD33 pro-
tects from Neisseria during reproductive age and a higher ra-
tio of truncated to full-length isoforms correlates to a 
decrease of LOAD in grandmothers. However, a small 
amount of the full-length isoform remains, likely to downre-
gulate hyper-inflammation that might arise during prolonged 
absence of SAMP recognition. Notably, when an elderly care-
giver gets LOAD, not only are the evolutionary benefits of the 
individual lost, but this also presents an increased burden on 
younger group members to care for that elder individual. 
Under this proposed scenario, the current state in the evolu-
tion of huCD33 protein represents a trade-off between the 
evolutionary response to exploitation by pathogens in early 
life and cognitive maintenance in postreproductive late life. 
A similar evolutionary scenario appears to underly the case 
of the human APOE gene where variants include both risk al-
leles (APOE4) and protective alleles (APOE2 and APOE3) for 
cardiovascular disease and LOAD (Reiman et al. 2020). In 
this instance, the ancestral APOE4 allele is associated with in-
creased risks of loss of cognitive functions and the derived al-
leles may serve to protect the cognition of the elderly 
caregivers. Interestingly, the APOE4 allele is also correlated 
with the protection from severe diarrhea in early years of 
life (Oriá et al. 2005). Given these examples, it remains to 
be seen how widespread this pattern is wherein variants con-
veying survival advantages in early life coexist with other var-
iants that protect cognition late in life, a case of coexisting 
variants with opposite patterns of antagonistic pleiotropy.

Materials and Methods
Bacterial Culture and Cell Lines
The bacterial strains were N. gonorrhoeae F62ΔlgtD (gener-
ous gift from Sanjay Ram, University of Massachusetts 
Worcester), GBS strains (generous gifts from Victor 
Nizet, University of California San Diego). Neisseria were 
grown overnight on chocolate II agar and GBS on Todd 
Hewitt agar at 37 °C and 5% CO2 from respective frozen 
glycerol stocks. Before assay, GBS was grown in Todd 
Hewitt broth. The E. coli K1 strain was grown in LB. 
HEK293A or U937 cells in DMEM or RPMI1640 media 
with 10% FCS, respectively, were used.

Sialylation of Neisseria
Following overnight growth, Neisseria were grown in GC 
broth with IsoVitaleX, with or without 30 µM 
CMP-Neu5Ac (Nacalai USA. Inc.) until OD600 of 0.4–0.5.

Bacterial Staining
The bacteria were washed with prewarmed Hanks′ 
Balanced Salt solution (HBSS) and stained with 2 µM 
SYTO13 (Thermo Scientific) for 30 min at 37 °C and shak-
ing at 200 rpm in dark. The stained bacteria were washed 
with HBSS and resuspended to a final concentration of 
OD600 = 1/ml in HBSS for the binding assay.

Generation of CD33 Mutant Proteins
A genomic fragment (1228 bp) of human or chimpanzee 
CD33(M), including the first four exons (two Ig domains) 
was fused with pcDNA3.1(−) containing C-terminal 
FLAG(EK) sequence followed by hIgG1-Fc genomic fragment 
(hinge+2 Ig-like domains) and described elsewhere (Angata 
and Varki 2000; Angata et al. 2002). The mutant variants 
were made from either construct using Q5 site-directed mu-
tagenesis kit (NEB) according to the manufacturer’s instruc-
tions (supplementary table S3, Supplementary Material
online). Mutagenesis primers listed were designed using 
NEBaseChanger software.

Truncated CD33_EK_Fc Construction
Total mRNA was isolated from U937 cells using Oligotex 
Direct mRNA Mini Kit (QIAGEN). CD33m was PCR ampli-
fied by SuperScript III One-Step RT-PCR (Invitrogen) and 
primers 5’-TTATATGCTAGCGCCACCATGCCGCTGCTGC 
TACTGCTGC-3’, NheI site underlined and 5’-GCGCGC 
GATATCATGAACCACTCCTGCTCTGGTCTCTTG-3’, EcoRV 
site underlined. PCR products were run on 2% agarose gel 
and 396 bp band corresponding to CD33m excised and cut 
with NheI/EcoRV. Digested bands were subcloned into 
pcDNA3.1(−) containing a C-terminal FLAG (EK) sequence 
followed by a hIgG1-Fc genomic fragment (hinge + 2 Ig-like 
domains).

Purification of CD33 Mutants
Transfection supernatants were spun down at 500 g for 
5 min to remove cellular debris. The pH of the supernatant 
was adjusted to 8.0 for optimal binding of protein 
A-sepharose beads to hIgG-Fc fusion proteins. Protein 
A-Sepharose 4 Fast Flow suspension (GE Healthcare) was 
washed with Tris-Buffered Saline (TBS) pH 8.0, and 1:500 ra-
tio of beads:media added to the supernatant and incubated 
for 24 h at 4 °C. Thereafter, supernatants with beads were 
transferred to disposable columns until all liquid has run 
thru. Beads were washed thrice with TBS and proteins eluted 
directly in 0.3 ml of 1 M Tris–HCl pH 8.0 using 0.1 M Glycine 
Buffer pH 2.8. Each eluate was centrifuged in Amicon 
Ultra-15 filter unit—Molecular Weight Cut-Off (MWCO) 
30 K for full-length variants (MWCO 10 K for CD33m) and 
washed with TBS. After the final wash, each retentate was 
recovered from the column and stored at −80 °C.

Binding Assay
Bacterial binding was done with recombinant Fc-chimeric 
proteins of CD33. Briefly, protein A coated black 96-well 
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plate (Pierce, Thermo Scientific) was washed with TBS con-
taining 0.05% Tween 20 and coated with 200 ng/well of the 
respective CD33 protein. SYTO13 (Thermo Scientific) 
stained bacteria were incubated in the wells for 30 min at 
37 °C and 5% CO2 without shaking. Fluorescence measure-
ments to indicate bound bacteria were done at 488 nm (ex-
citation) and 530 nm (emission). Data were analyzed using 
excel and Prism software.

Evolutionary Analysis and Detection of Positive 
Selection
CD33 protein-coding sequences were aligned in CLUSTALW 
program implemented in MEGA7 and back translated to 
obtain a codon alignment. The phylogenetic tree of CD33 
protein-coding sequences was reconstructed with neigh-
bor-joining method, which was implemented in MEGA7 
(fig. 1), 1000 bootstrap replicates (Kumar et al. 2016). 
The unrooted neighbor-joining tree was used for the sub-
sequent analysis.

To assess the significance of the relative absence of 
LOAD-protective SNPS in archaic genomes, a resampling 
analysis was performed from SNPS in the 1000 genomes 
variant call set. Variants were filtered based on archaic qual-
ity filters and grouped by global allele frequencies before 
randomly selecting SNPS based on the query AF. The fre-
quency of observing these random SNPS in archaic genomes 
was used to estimate an empirical probability.

Nonsynonymous/synonymous substitution ratios (ω= 
dN/dS, or Ka/Ks) have become a useful means for quantifying 
the impact of natural selection on molecular evolution. In gen-
eral, the ratio ω= dN/dS is less than one if the gene is under-
going purifying selection, equal to one if the gene is evolving 
neutrally, and greater than one if positive selection has accel-
erated the fixation of nonsynonymous substitutions that re-
sulted in amino acid changes. The pair-wise computation of 
Ka/Ks between V-set exon of each species was performed 
using the program DnaSp v.0 6.0. The initial unrooted tree 
fed to the program in the format of Newick was: 
([Chimpanzee5:0.00000000, Bonobo:0.00000000]:0.00222522, 
Gorilla:0.00979959, Human:0.01351877).

Molecular Simulation
Starting structures of the V-type domain (residues 18– 
142) of huCD33 were built based on PDB entries 5j0b 
(A chain) and 6d49. The initial 3D models of chCD33 
were built by swapping residues: N20K, F21I, W22R, 
A65P, I67V, R69G (in 6d49), L78P, P96L. The side chain 
of His45 was modeled in two conformations (compare 
fig. 4): ‘down’ (as in PDB entry 6d49) and ‘up’ (as present 
in PDB entries 5ihb or 5j06 chains A). Additionally, 
systems were built that contain five molecules of 
Neu5GcαOMe or Neu5AcαOMe distributed in the simu-
lation box which allowed to simulate binding events. In 
total, 27 MD trajectories were sampled for huCD33 and 
20 for chCD33, most of them covering a microsecond 
timescale (compare supplementary fig. S4, Supplementary 
Material online).

Sialoglycan Microarray
The sialoglycan microarray experimental method was 
adopted from the literature reported earlier (Meng et al. 
2018; Lu et al. 2019). Sialoglycans were printed in quadru-
plets on NHS-functionalized glass slides (PolyAn 3D-NHS; 
catalog# PO-10400401) and then blocked, washed, and 
dried. The slides were rehydrated using Ovalbumin-PBS 
(1%, w/v) and then incubated with CD33 proteins fol-
lowed by probing with secondary Cy3-conjugated goat 
antihuman IgG. The slides were scanned at wavelength 
532 nm and heatmap was plotted.

Supplementary Material
Supplementary data are available at Molecular Biology and 
Evolution online.
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