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SUMMARY
Most mammals express a functional GGTA1 gene encoding the N-acetyllactosaminide a-1,3-galactosyl-
transferase enzyme, which synthesizes Gal-a1-3Gal-b1-4GlcNAc (a-gal) and are thus tolerant to this self-ex-
pressed glycan. Old World primates including humans, however, carry loss-of-function mutations in GGTA1
and lack a-gal. Presumably, fixation of suchmutations was propelled by natural selection, favoring the emer-
gence of a-gal-specific immunity, conferring resistance to a-gal-expressing pathogens. Here, we show that
loss ofGgta1 function in mice enhances resistance to bacterial sepsis, irrespectively of a-Gal-specific immu-
nity. Rather, the absence of a-gal from IgG-associated glycans increases IgG effector function via a mech-
anism associated with enhanced IgG-Fc gamma receptor (FcgR) binding. The ensuing survival advantage
against sepsis comes alongside a cost of accelerated reproductive senescence in Ggta1-deleted mice.
Mathematical modeling of this trade-off suggests that high exposure to virulent pathogens exerts sufficient
selective pressure to fix GGTA1 loss-of-function mutations, as likely occurred during the evolution of pri-
mates toward humans.
INTRODUCTION

Humans generate, at steady state, relatively high levels of circu-

lating anti-glycan antibodies (Ab) (Huflejt et al., 2009; Kearney

et al., 2015; Schneider et al., 2015; Stowell et al., 2014). While

referred to as natural antibodies (NAbs), these anti-glycan Abs

are generated, to a large extent, in response to immunogenic

bacteria (Palm et al., 2014) present in the gut microbiota (Bunker

et al., 2017; Soares and Yilmaz, 2016; Yilmaz et al., 2014). Circu-

lating NAbs of the IgM isotype provide an immediate lytic

response to invading pathogens via activation of the comple-

ment cascade (Ochsenbein et al., 1999; Yilmaz et al., 2014),

while NAbs of the IgG isotype confer resistance to infection via
Cell Host & Microbe 2
cognate interaction with FcgR (Zeng et al., 2016) expressed by

immune cells (Lu et al., 2018; Ravetch and Kinet, 1991).

The protective effect of glycan-specific NAb is exerted only

when the recognized glycan is not expressed as self-epitopes

by the host. Remarkably, this fundamental principle of immune

self-non-self-discrimination was, in some instances, circum-

vented via natural selection and fixation of loss-of-function mu-

tations in genes synthesizing self-glycans (Soares and Yilmaz,

2016; Springer and Gagneux, 2016). This is perhaps best illus-

trated by the loss of the a-gal glycan in Old World primates,

including humans, as described originally by K. Landsteiner

and P.Miller a century ago (Galili et al., 1987; Galili and Swanson,

1991; Landsteiner and Miller, 1925).
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New World monkeys express a functional GGTA1 enzyme,

which catalyzes the generation of the a-gal glycan via the trans-

fer of a galactose (Gal) in a1-3 linkage, from a uridyl-diphosphate

(UDP) donor onto the N-acetyllactosamine (Galb1,4GlcNAc-R) of

glycoproteins. This reaction does not occur in Old World pri-

mates, including humans (Galili et al., 1988b), which carry a

GGTA1 pseudogene (Galili et al., 1987; Galili and Swanson,

1991). Loss of GGTA1 function in the ancestor of Old World

primates probably contributed critically to shape the human

anti-glycan NAb repertoire (Huflejt et al., 2009), allowing for the

emergence of aGal-specific immunity (Galili et al., 1984; Macher

and Galili, 2008; Soares and Yilmaz, 2016).

Considering that infection is a major driving force in evolution

(Haldane, 1949), protection from infection should act as a major

driving force in the natural selection and fixation of GGTA1 loss-

of-function mutations during primate evolution. In support of this

notion, a-gal-specific NAbs, which account for up to 1%–5% of

circulating IgM and IgG in healthy adult humans (Macher and

Galili, 2008), are protective against pathogens expressing

a-gal-like glycans (Soares and Yilmaz, 2016; Takeuchi et al.,

1996; Yilmaz et al., 2014).

Sepsis is a life-threatening organ dysfunction caused by a de-

regulated host response to infection (Singer et al., 2016), which

accounts for as much as 20% of global human mortality (Rudd

et al., 2020). This suggests that infection by pathogenic bacteria

leading to sepsis might have exerted a major selective pressure

throughout primate evolution. Sepsis is propelled by transloca-

tion of bacterial pathobionts in the microbiota across host

epithelial barriers (Rudd et al., 2020; Vincent et al., 2009). Loss

of GGTA1 function allows for targeting of immunogenic bacteria

in the microbiota by a-gal-specific NAb (Galili et al., 1988a;

Soares and Yilmaz, 2016; Springer and Horton, 1969), suggest-

ing that loss of GGTA1 function might provide some level of pro-

tection against bacterial sepsis. While there is no evidence that

a-gal-specific NAbs are protective per se against bacterial

sepsis, loss of GGTA1 function could exert such a protective

effect via other mechanisms.

Circulating IgG carry bi-antennary glycan structures, N-linked

to an evolutionarily conserved asparagine-297 at the constant

H-chain Fc domain (Anthony et al., 2012). These glycan struc-

tures are composed of N-acetylglucosamine (GlcNAc), fucose,

mannose, galactose (Gal), and sialic acid molecules, which

modulate the affinity of the IgG-Fc domain toward FcgR and pro-

teins of the complement cascade (Anthony et al., 2012; Dekkers

et al., 2017; Wang and Ravetch, 2019), as illustrated for fucose

(Nimmerjahn and Ravetch, 2005) or Gal (Nimmerjahn

et al., 2007).

In mammals that carry a functional GGTA1 gene, IgG bi-an-

tennary glycan structures can contain a-gal (de Haan et al.,

2017; Zaytseva et al., 2020), raising the possibility of aGal modu-

lating IgG effector function. We found that the deletion of the

Ggta1 gene enhances resistance to bacterial sepsis in mice via

a mechanism associated with an increase of IgG binding to

FcgR, presumably enhancing IgG effector function. While the

survival advantage against sepsis is associated with accelerated

onset of reproductive senescence, creating a possible evolu-

tionary trade-off, mathematical modeling suggests that the

fitness gain against infection can prevail over the reproductive

cost. These findings provide a possible explanation for the natu-
348 Cell Host & Microbe 29, 347–361, March 10, 2021
ral selection and fixation of GGTA1 loss-of-function mutations

during primate evolution.

RESULTS

Loss of Ggta1 function in mice enhances resistance to
systemic infection by symbiotic gut bacteria
To test experimentally whether loss of GGTA1 function is asso-

ciated with protection against bacterial sepsis, we subjected

Ggta1-deficient (Ggta1�/�) mice versus control wild-type

(Ggta1+/+) mice to cecal ligation and puncture (CLP), a well-es-

tablished experimental model of polymicrobial sepsis (Rittirsch

et al., 2009). There was a lower mortality rate (Figure 1A) associ-

ated with a 10- to 105-fold reduction in bacterial load (Figure 1B)

in Ggta1�/� versus Ggta1+/+ mice, suggesting that Ggta1 dele-

tion enhances resistance to bacterial sepsis.

We reasoned that the outcome of CLP can be affected by

distinct microbiota bacterial community structure (Figures 1C

and 1D), composition (Figure 1E), and diversity (Figures S1A

and S1B) in Ggta1�/� versus Ggta1+/+ mice. To disentangle

host genotype from microbiota composition, we used a previ-

ously established approach (Ubeda et al., 2012) whereby the mi-

crobiota from femaleGgta1�/�micewas vertically transmitted to

F2 Ggta1+/+ and Ggta1�/� progeny (Figures 1F–1H, S1C, and

S1D). A survival advantage against CLP (Figure 1I) and a 10- to

102-fold reduction in bacterial load were still observed in litter-

mate F2Ggta1�/� versusGgta1+/+mice carrying identical micro-

biota (Figure 1J). This suggests that Ggta1 deletion per se en-

hances resistance to bacterial sepsis. Of note, the relative

survival advantage upon CLP was higher in F0 (Figures 1A and

1B) than in F2 (Figures 1I and 1J) Ggta1�/� versus Ggta1+/+

mice, harboring distinct versus same microbiota, respectively.

This argues for a synergistic effect of genotype and microbiota

composition in protection from bacterial sepsis.

Loss of Ggta1 function enhances IgG-mediated
resistance to systemic polymicrobial infection
The microbiota composition of Ggta1-deficient mice lacking

adaptive immunity (Rag2�/�Ggta1�/�) diverged from that of

Ggta1�/� mice (Figures S1E–S1G) and was characterized by a

marked reduction in bacterial diversity (Figures S1H and S1I)

and an enrichment of pathobionts, such as Proteobacteria, Hel-

icobacter and Bacteroides (Palm et al., 2014) (Figures S1J and

S1K). This suggests that the adaptive immune system of

Ggta1�/� mice shapes the gut microbiota composition, consis-

tent with previous observations, albeit less pronounced, in

Ggta1+/+ mice (Barroso-Batista et al., 2015). This observation

is in keeping with the notion that adaptive immunity, including

circulating NAbs (Kamada et al., 2015; Koch et al., 2016; Mac-

pherson et al., 2018), favor gut colonization by commensal bac-

teria in detriment of pathobionts, promoting bacterial diversity

(Round and Palm, 2018).

Considering that NAbs are protective against bacterial patho-

bionts when these translocate across the gut epithelium (Ka-

mada et al., 2015; Zeng et al., 2016), we asked whether loss of

Ggta1 function promotes resistance to the pathobionts present

in a cecal inoculum from Rag2�/�Ggta1�/� mice. As with CLP

(Figures 1A and 1B), Ggta1�/� mice were more resistant than

Ggta1+/+mice to intraperitoneal (i.p.) inoculation of cecal content
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Figure 1. Loss of Ggta1 function in mice enhances resistance to systemic infection by symbiotic gut bacteria

(A) Survival after CLP of Ggta1+/+ (n = 56) and Ggta1�/� (n = 68) mice; 19 experiments.

(B) Colony-forming units (CFUs) of aerobic (Ae) and anaerobic (An) bacteria of Ggta1+/+ (n = 5–15) andGgta1�/� (n = 6–15) mice, 24 h after CLP; 11 experiments.

(C and D) Principal coordinate analysis (PCA) of (C) unweighted UniFrac distance and (D) weighted UniFrac distance of 16S rRNA amplicons, from fecal samples

of Ggta1+/+ (n = 15) and Ggta1�/� (n = 14) mice.

(E) Cladograms, from LEfSe analysis, representing taxa enriched in Ggta1+/+ (green) or Ggta1�/� (red) mice in the same samples as (C and D). (A),

family_Porphyromonadaceae; (B), genus_ Parabacteroides; (C), species_Bacteroides acidifaciens; (D), species_B. ovatus; 1 experiment.

(legend continued on next page)
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from Rag2�/�Ggta1�/� mice (Figure 2A), showing a 104- to 107-

fold reduction in bacterial load (Figure 2B). Mice from both geno-

types survived the inoculation of a paraformaldehyde-fixed cecal

inoculum (Figure S1L). This confirms that Ggta1 deletion en-

hances anti-bacterial resistance, rather than preventing inflam-

mation-driven immunopathology, a hallmark of sepsis (Rudd

et al., 2020; Singer et al., 2016).

Rag2�/�Ggta1�/� mice were susceptible to the inoculation

(i.p.) of Rag2�/�Ggta1�/� cecal content (Figure 2C), carrying a

10- to 106-fold higher bacterial load, compared with Ggta1�/�

mice (Figure 2D). This was also observed in Jht
�/�Ggta1�/�

mice, lacking B cells (Figures 2E and 2F), suggesting that the

enhanced anti-bacterial resistance of Ggta1�/� mice relies on

adaptive immunity, more specifically, on B cells.

While protective against bacterial infection (Ochsenbein et al.,

1999), circulating IgM was not essential to provide resistance to

a cecal inoculum from Rag2�/�Ggta1�/� mice, as demonstrated

in mS�/�Ggta1�/� mice lacking circulating IgM (Figures S2A and

S2B). Similarly, IgA is a critical component of mucosal immunity

(Macpherson et al., 2018; Sutherland et al., 2016), which pre-

vents the development of sepsis (Wilmore et al., 2018).

However, IgA was not essential to provide resistance to a cecal

inoculum from Rag2�/�Ggta1�/� mice, as demonstrated in

Iga�/�Ggta1�/� mice lacking IgA (Figures S2C and S2D). In

contrast, Aid�/�Ggta1�/� mice lacking immunoglobulin (Ig)

class-switch recombination, somatic hypermutation, and affinity

maturation (Muramatsu et al., 2000) succumbed to inoculation

(i.p.) of cecal content from Rag2�/�Ggta1�/� mice (Figure 2G).

This was associated with a 103- to 106-fold increase in bacterial

load, as compared with Ggta1�/� mice (Figure 2H), suggesting

that the survival advantage of Ggta1�/� versus Ggta1+/+ mice

against bacterial sepsis relies on circulating NAbs that undergo

class-switch recombination toward the IgG isotype.

While Ig class-switch recombination, somatic hypermutation,

and affinity maturation are largely T-cell-dependent, resistance

to infection was preserved in Tcrb�/�Ggta1�/� (Figures S2E

and S2F) and Tcrd�/�Ggta1�/� (Figures S2G and S2H) mice.

This suggests that Ggta1�/� mice carry protective T-cell-inde-

pendent circulating IgG NAbs.

The protective effect of IgG NAb acts irrespectively of
aGal recognition
We next asked whether circulating IgG NAb are sufficient per se

to confer resistance to infection. Upon adoptive transfer to

Rag2�/�Ggta1�/� mice, IgG purified from Ggta1�/� mice, but

not from Ggta1+/+ mice, were protective against inoculation

(i.p.) of cecal content from Rag2�/�Ggta1�/� mice (Figure 3A).

This suggests that IgG NAb fromGgta1�/� mice show enhanced

protection, compared with IgG NAb from Ggta1+/+ mice. In

further support of this notion, IgG concentration in the serum

fromGgta1�/�mice that are protected from infection was similar
(F) Breeding strategy for the generation of F2 Ggta1+/+ versus Ggta1�/� littermat

(G and H) Microbiota PCA of (G) unweighted UniFrac distance and (H) weighted U

22) and Ggta1�/� (n = 18) mice generated as described in (F); 1 experiment.

(I) Survival after CLP of F2 Ggta1+/+ (n = 12) and Ggta1�/� (n = 10) mice; 3 exper

(J) CFU of Ae and An bacteria of F2Ggta1+/+ (n = 5–11) andGgta1�/� (n = 4–7) mic

mice. Red bars (B and J) showmedian values. p values in (A and I) calculated using

Mann-Whitney U test. Peritoneal cavity (PC). *p < 0.05; **p < 0.01; ***p < 0.001;
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to that from Ggta1+/+ mice, which succumb to infection

(Figure S3A).

The hypothesis that IgG subclass composition might explain

the enhanced protective effect of IgG from Ggta1�/� mice (Lu

et al., 2018) was excluded, as bacteria-binding IgG NAb from

both Ggta1�/� and Ggta1+/+ mice were almost exclusively from

the IgG2b subclass (Figure 3B). This is in keeping with the pro-

tective effect of bacteria-binding IgG2b NAb in Ggta1+/+ mice

(Zeng et al., 2016).

A number of gut bacteria express a-gal-like glycans (Montass-

ier et al., 2019), raising the possibility that a-gal-specific IgG2b

NAbs are protective against systemic infection by these bacte-

ria. However, less than 0.005% of circulating IgG2b NAbs from

Ggta1�/� and Ggta1+/+ mice recognized a-gal (Figure 3C) and

bound a negligible proportion of a-gal-expressing bacteria in

the infectious inoculum to a similar extent (Figures 3D, 3E, and

S3B). Moreover, IgG2b NAb from Ggta1�/� and Ggta1+/+ mice

recognized, to the same extent, individual bacterial strains iso-

lated from the mouse microbiota (Figures 3F and S3C), irrespec-

tively of bacterial a-gal expression (Figures 3G, S3C, and S3D).

This was illustrated for E. faecalis, which does not express a-

gal, and C. bifermentans that expresses relatively low levels of

a-gal, when compared with E. coli O86:B7 (Figures 3G, S3C,

and S3D). This suggests that the enhanced protective effect of

IgG NAb from Ggta1�/� versus Ggta1+/+ mice does not rely on

a-gal recognition.

Loss of Ggta1 function does not affect bacterial
recognition by IgG NAb
We then questioned whether IgG NAb from Ggta1�/� mice

recognized distinct bacteria from those recognized by IgG NAb

from Ggta1+/+ mice. The percentage of bacteria recognized by

IgG fromGgta1�/� versusGgta1+/+mice and the relative amount

of IgG bound per bacterium in the cecal inoculum used for infec-

tion was indistinguishable, as assessed in vitro (Figures 4A and

S4A) and in vivo, upon infection (Figures 4B and S4B). Moreover,

more than 97%of the bacteria were recognized by IgG from both

Ggta1�/� and Ggta1+/+ mice (Figures 4C and 4D), with a binding

pattern similar to IgG NAb from the same genotype (Figures

S4C–S4F). These observations, alongside the 16S rRNA ana-

lyses of IgG-bound (Figures 4E, 4F, and S4G) and non-IgG-

bound bacteria (Figures 4G, 4H, and S4H), suggest that IgG

NAb from Ggta1�/� and Ggta1+/+ mice recognize the same bac-

teria to the same extent in the infectious inoculum.

Circulating IgG repertoire diversity analysis of splenic B cells

from Ggta1�/� and Ggta1+/+ mice showed similar CDR3 clono-

type number (Shannon-Wiener index; p > 0.05) (Figure 4I) and

CDR3 H-chain amino acid identity (Figure 4J). Post hoc permu-

tation testing (n = 10,000 permutation), based on multidimen-

sional scaling (mds) coordinates, showed similarity in average

repertoire values for sample pairs from the same (within) versus
es with similar microbiota, maternally derived from Ggta1�/� mice.

niFrac distance of 16S rRNA amplicons, in fecal samples from F2 Ggta1+/+ (n =

iments.

e, 24 h after CLP; 3 experiments. Symbols in (B, C, D, G, H, and J) are individual

log-rank test, in (C, D, G, and H) using PERMANOVA test and in (B and J) using

****p < 0.0001.
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Figure 2. Loss of Ggta1 function in mice enhances IgG-mediated resistance to systemic polymicrobial infection

(A) Survival of Ggta1+/+ (n = 16) and Ggta1�/� (n = 14) mice infected (i.p.) with a cecal inoculum from Rag2�/�Ggta1�/� mice; 4 experiments.

(B) CFUs of aerobic (Ae) and anaerobic (An) bacteria of Ggta1+/+ (n = 6) and Ggta1�/� (n = 4) mice, 24 h after infection; 2 experiments.

(legend continued on next page)
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different (between) genotypes (p > 0.05) (Figure 4J). Both geno-

types displayed similar shared clonotypes frequency (Figure 4K)

as well as a similar V (Figure S4I) and J (Figure S4J) segment us-

age. This suggests that the enhanced resistance to bacterial

sepsis provided by IgG NAb from Ggta1�/� versus Ggta1+/+

mice is not due to differences in the IgG repertoire.

Loss of aGal expression enhances IgG effector function
To test the hypothesis that IgG NAb from Ggta1�/� versus

Ggta1+/+ mice differ in effector function, we compared the

effector function of IgG NAb from Ggta1�/� versus Ggta1+/+

mice against E. faecalis, which lacks a-gal (Figures 3F, 3G,

S3C, and S3D). Challenge (i.p.) of Jht
�/�Ggta1�/� mice with

IgG-opsonized E. faecalis elicited higher neutrophil recruitment

when IgG was purified from Ggta1�/� mice, as compared with

naive mice (Figures 5A and S5A). This was associated with an in-

crease, albeit borderline significant, in the number of neutrophils

containing bacteria (Figures 5B, S5B, and S5C), likely owed to

increased IgG-dependent phagocytosis (Figures 5C and S5C).

This suggests that Ggta1 deletion enhances IgG-dependent

bacterial phagocytosis by neutrophils.

IgG-associated bi-antennary glycan structure composition

modulates IgG-FcgR binding (Anthony et al., 2012; Dekkers

et al., 2017; Wang and Ravetch, 2019), suggesting that when

present in these glycan structures, a-gal might modulate IgG

effector function. Consistent with previous reports (de Haan

et al., 2017; Zaytseva et al., 2020), a-gal was associated to the

H chain of IgG from Ggta1+/+ mice, as detected using a a-gal-

specific mAb (Figure 5D) or the Bandeiraea simplicifolia lectin

(BSIB4) (Figure S5D), the specificity of which was confirmed us-

ing a-gal-conjugated bovine serum albumin (BSA) (Figure S5E).

Binding of recombinant mouse FcgRIV to plate-bound IgG

from Ggta1�/� mice was enhanced when compared with IgG

from Ggta1+/+ mice (Figure 5E). This enhancement was not

observed using an anti-IgG-Fc Ab in the same assay (Figure 5F).

Surface plasmon resonance (SPR) measurements confirmed a

1.35-fold higher binding of FcgRIV to polyclonal IgG purified

fromGgta1�/� versusGgta1+/+ mice as reflected by EC50 values

(Figures 5G and 5H). Binding of mouse FcgRIV to an IgG2b mAb

(Xi126) directed against the Streptococcus pneumoniae surface

protein A (PspA) antigen (McDaniel et al., 1984) was increased

upon enzymatic removal of a-gal (Liu et al., 2008) (Figures 5I,

5J, and S5F), without interfering with bacterial recognition

(Figure 5K).

The relative binding of FcgRI, FcgRIIb, FcgRIII, and FcRn to

IgG from Ggta1�/� versus Ggta1+/+ mice was indistinguishable

(Figures S5G–S5J). This is consistent with the bacteria-binding

IgGNAb being essentially IgG2b (Figure 3B), the subclass recog-

nized preferentially by FcgRIV (Nimmerjahn et al., 2010). There

was also no difference in the binding of mouse complement
(C) Survival of Rag2+/+Ggta1�/� (n = 15) and Rag2�/�Ggta1�/� (n = 13) mice infe

(D) CFU of Ae and An bacteria of Rag2+/+Ggta1�/� (n = 5–6) and Rag2�/�Ggta1�

(E) Survival of Jht
+/+Ggta1�/� (n = 12) and Jht

�/�Ggta1�/� (n = 19) mice infected

(F) CFU of Ae and An bacteria of Jht
+/+Ggta1�/� (n = 4–6) and Jht

�/�Ggta1�/� (n

(G) Survival of Aid+/+Ggta1�/� (n = 10) and Aid�/�Ggta1�/� (n = 16) mice infected

(H) CFU of Ae and An bacteria of Aid+/+Ggta1�/� (n = 5) and Aid�/�Ggta1�/� (n

individual mice. Red bars (B, D, F, and H) are median values. p values in (A, C, E, a

test. Peritoneal cavity (PC). *p < 0.05; **p < 0.01; ns: not significant.
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component 1q (C1q) to IgG from Ggta1�/� versus Ggta1+/+

mice (Figure S5K).

Taken together, these observations show that when present

at the N-linked glycan structure of IgG, aGal hinders IgG-Fc

binding to the FcgRIV, the mouse ortholog of the human

FcgRIIIA (Nimmerjahn et al., 2005). This occurs without

altering bacterial recognition, suggesting that the ‘‘evolu-

tionary based removal’’ of a-gal from IgG-associated glycan

structures enhanced host resistance to bacterial sepsis via a

mechanism that increased the Fc-mediated effector function

of IgG NAb.

Loss of Ggta1 function precipitates reproductive
senescence
Loss of GGTA1 function was a sporadic event in mammalian

evolution, almost exclusive to Old World primates (Galili et al.,

1988b; Galili and Swanson, 1991). This suggests that loss of

GGTA1 in most other mammals is likely associated with a major

fitness cost, i.e., an evolutionary trade-off (Stearns and Medzhi-

tov, 2015). Consistent with this notion, there was a marked

reduction in the total number of offspring produced throughout

the reproductive lifespan of Ggta1�/� versus Ggta1+/+ mice

(Figure 6A). While consistent with a previous report suggesting

that a-gal partakes in mammalian reproduction (Bleil and Was-

sarman, 1988), other studies have not confirmed a physiolog-

ical role of a-gal in this process (Thall et al., 1995). In keeping

with this apparent discrepancy, Ggta1�/� mice produced

normal numbers of viable offspring per litter (Figure 6B) but pre-

sented a marked reduction in cumulative reproductive output

compared with Ggta1+/+ mice, due to a reduction in the total

number of litters produced during the entire reproductive life-

span (Figure 6C).

The reduction of cumulative reproductive output in Ggta1�/�

versus Ggta1+/+ females was attributed to a decrease in birth

rate as a function of age (Figure 6D). Age-specific birth rate is

defined here as the product of the probability of birth at any

age, mean number of pups produced per combined litter at

any age, and number of combined litters produced per breeding

group during its reproductive lifespan. Moreover, the age at

which Ggta1�/� females produced their last viable litter was, in

average, lower compared with Ggta1+/+ females (Figure 6E),

suggesting that loss of Ggta1 function precipitates the onset of

reproductive senescence.

Protection against infection can outweigh the
reproductive fitness cost associated with loss of Ggta1

We developed a mathematical model (see STAR methods) to

estimate the likelihood of GGTA1 loss-of-function mutations

being naturally selected and fixed in populations, considering

their associated reproductive fitness cost. The model
cted as in (A); 3 experiments.
/� (n = 4) mice, 24 h after infection; 3 experiments.

as in (A); 4 experiments.

= 7–11) mice, 24 h after infection; 4 experiments.

as in (A); 3 experiments.

= 6–7) mice, 24 h after infection; 4 experiments. Symbols (B, D, F, and H) are

nd G) calculated with log-rank test and in (B, D, F, and H) with Mann-Whitney U
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D

F G

E

B C Figure 3. The protective effect of IgG NAbs

acts irrespectively of a-gal recognition

(A) Survival of Rag2�/�Ggta1�/� mice after trans-

fer of IgG purified from Ggta1�/� mice (n = 15),

Ggta1+/+ mice (n = 10) or vehicle (PBS; n = 6), 24 h

before infection (i.p.) with a cecal inoculum from

Rag2�/�Ggta1�/� mice; 4 experiments.

(B) Relative binding of IgG sub-classes in the

serum of Ggta1+/+ (n = 11) and Ggta1�/� (n = 11)

mice, to cecal extract from Rag2�/�Ggta1�/�

mice; representative of 3 experiments.

(C) Concentration of total IgG2b and anti-a-gal

IgG2b in IgG from Ggta1+/+ or Ggta1�/� mice

(n = 3).

(D) Representative plots showingRag2�/�Ggta1�/�

cecal bacteria co-stained with IgG fromGgta1+/+ or

Ggta1�/� mice and BSI-B4 lectin (a-gal).

(E) Quantification of IgG +aGal+ bacteria in the

same samples as in (C) (n = 3); 3 experiments.

(F) Percentage of the indicated species of bacteria

bound by IgG purified fromGgta1+/+ andGgta1�/�

mice; 3–4 experiments.

(G) Quantification of aGal expression by the indi-

cated species of bacteria; 3 experiments. Sym-

bols in (B) are individual mice and in (C, E) are in-

dependent IgG preparations. Red lines in (B, C,

and E) are mean values. Error bars in (B, C, E, F,

andG) correspond to SD. p values in (A) calculated

using log-rank test, in (B, C, and E) using Mann-

Whitney U test and in (F) by two-way ANOVA using

Sidak’s multiple comparison test. *p < 0.05; **p <

0.01; ns: not significant.
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translates host survival advantage against infection and repro-

ductive cost into a combined measure of fitness (i.e., lifetime

reproductive success), taking into account the natural mortal-

ity rate of non-infected mice under laboratory conditions (Kun-

styr and Leuenberger, 1975) and the empirically observed sur-

vival advantage against infection associated with Ggta1

deletion (Figure 1A). This model predicts a marked increase

in the probability of survival of Ggta1�/� versus Ggta1+/+

mice, under constant high exposure to infection (e.g.,

R80%), if such an advantage is present at any given age

(Figure 6F).

To test whether such a survival advantage could outweigh

the observed trade-off in reproductive output, we incorporated

the reproductive fitness cost associated with Ggta1 deletion

into this model (see STAR methods). Computing host lifetime

reproductive success as a combined integral of age-specific

birth rate, weighted by age-specific survival, we derived a

global fitness measure that could be compared across host ge-

notypes. Under defined biological scenarios, the positive

fitness effect calculated from protection from infection over

the lifetime outweighed the reproductive fitness cost, leading

to a higher overall fitness (Figure 6G). This is revealed by a pos-

itive selection coefficient (s > 0) in some regions of the param-
Cell Host &
eter space (Figure 6H), indicating supe-

rior fitness of hosts carrying Ggta1

deletion, relative to wild type. This was

only achieved under conditions of high

exposure to virulent pathogens against
which loss of Ggta1 provides robust protection (Figures 6H

and S6A–S6D).

DISCUSSION

Humans carry two frame-shift mutations and an exon deletion in

a GGTA1 pseudogene (Galili et al., 1987; Galili and Swanson,

1991), selected and fixed independently in ancestral apes and

Old World primates about 28 million years ago (Galili et al.,

1987; Galili and Swanson, 1991). Our findings in Ggta1-deficient

mice, which, similar to humans, fail to express a-gal, suggest

that these genetic alterations provide a survival advantage

against bacterial sepsis. Considering that sepsis remains amajor

global cause of humanmorbidity andmortality (Rudd et al., 2020;

Singer et al., 2016), natural selection of these loss-of-function

mutations was likely driven by the associated survival advantage

against sepsis.

Our findings support the notion that the survival advantage

against sepsis provided by the loss of GGTA1 function, is driven

by an increase of IgG effector function, when a-gal is ‘‘removed’’

from the IgG-associated bi-antennary glycan structures.

This notion is supported by several independent observations.

First, Ggta1-deficient mice are more resistant to systemic
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polymicrobial infections leading to sepsis, when compared with

wild-type controls (Figures 1 and 2). Second, the survival advan-

tage of Ggta1-deficient mice against polymicrobial sepsis relies

on circulating IgG NAbs recognizing gut bacteria (Figures 2 and

3). Third, circulating IgG NAb from Ggta1-deficient mice confer

enhanced protection against bacterial sepsis (Figure 3A) irre-

spectively of a-gal recognition (Figures 3D–3G). Fourth, bacterial

recognition by circulating IgG NAbs fromGgta1-deficient mice is

indistinguishable from that of IgGNAbs fromwild-typemice (Fig-

ure 4). Fifth, lack of a-gal in the Fc-glycan structure of IgG NAb

enhances binding to FcgRIV (Figure 5), the mouse ortholog of

the human FcgRIIIA (Nimmerjahn et al., 2005), which plays a crit-

ical role in driving IgG effector function (Shields et al., 2002).

While it is likely that enhanced resistance to bacterial sepsis af-

forded by IgG lacking a-gal is attributed to enhanced IgG binding

to FcgRIV, this remains however, to be tested experimentally.

Our finding that a-gal modulates IgG2b binding exclusively to

its corresponding high-affinity FcgRIV (Figure S5) (Nimmerjahn

et al., 2005) should not preclude a-gal from interfering with the

binding of IgG from other sub-classes to their corresponding

FcgR (Anthony et al., 2012; Dekkers et al., 2017; Wang and Rav-

etch, 2019). This remains, however, to be experimentally tested.

Our findings extend the notion that the evolutionary advantage

conferred by the loss ofGGTA1 function was driven by the emer-

gence of protective immunity against a-gal-expressing patho-

gens (Soares and Yilmaz, 2016; Takeuchi et al., 1996; Yilmaz

et al., 2014). Of note, this trait was naturally selected likely on

the basis of improved resistance against a restricted number

of pathogens expressing a-gal (Soares and Yilmaz, 2016; Take-

uchi et al., 1996; Yilmaz et al., 2014). In contrast, the selective

advantage provided when enhancing IgG effector function likely

improved resistance to a broader spectrum of pathogens, which

should be equally, if not more, important to explain the evolu-

tionary advantage conferred by the loss of GGTA1 function.

At the population level, genetic trade-offs are explained by

negative coupling of traits over life history, such that one trait in-

creases fitness early in life, while another trait is detrimental later

on (Williams, 1957). Considering that the loss of GGTA1 function

is almost exclusive to Old World primates (Galili et al., 1988b;

Galili and Swanson, 1991), its fitness advantage against infection

in other mammals is probably linked to a decrease in fitness

through a correlated trait (Stearns, 1989). We propose that one
Figure 4. Loss of Ggta1 function does not alter bacterial recognition b

(A) Percentage of IgG+ bacteria in the Rag2�/�Ggta1�/� cecal content, after

3 experiments.

(B) Percentage of IgG+ bacteria in the peritoneal lavage of Ggta1+/+ (n = 9) and

Rag2�/�Ggta1�/� mice; 3 experiments.

(C) Representative plot showing Rag2�/�Ggta1�/� cecal bacteria co-stained wit

(D) Percentage of double positive (DP) versus single positive (SP) bacteria amon

(E–H) Principal coordinates analysis (PCA) of (E) unweighted UniFrac, (F) we

weighted UniFrac distance of IgG� bacteria in the peritoneal lavage ofGgta1+/+ (n

Rag2�/�Ggta1�/� mice; 2 experiments.

(I) Rarefaction curves of IgG heavy-chain sequences in the spleen ofGgta1+/+ (n =

(solid lines) and extrapolated to the size of the largest sample.

(J) Multidimensional scaling (mds) plot of the Ig heavy-chain CDR3 amino acid seq

calculating pairwise distances between repertoires on the basis of sequence simila

symmetric frequency of clonotypes shared between samples in the same sampl

independent Rag2�/�Ggta1�/� cecal preparations. Red lines (A, B, and D) are m

calculated using Mann-Whitney test and in (E–H) using PERMANOVA test. In (I

Whitney test. ns: not significant.
major trade-off associated with loss of GGTA1 function is the

emergence of reproductive senescence late in life (Figure 6), a

distinguishing feature of Old World primates, in which GGTA1

function is impaired, compared with New World primates, in

whichGGTA1 is functional (Hearn, 1983). While our findings sug-

gest that loss of GGTA1 function is associated with the emer-

gence of reproductive senescence in mice, it is not clear to

what extent this is attributed to IgG effector function and/or other

factors. As a non-mutually exclusive alternative, loss of a-gal

might interfere with fertilization per se (Bleil and Wassarman,

1988), contributing to the emergence of reproductive senes-

cence. As an additional cautionary note, the negative impact ex-

erted by the emergence of reproductive senescence is difficult to

estimate given the lifespan of modern and ancestral primates. As

such, while we propose that reproductive senescence is a trade-

off associated with loss of GGTA1 function in primate evolution,

this remains speculative.

We estimated the likelihood of GGTA1 loss-of-function muta-

tions being naturally selected and fixed in populations on the ba-

sis of their associated fitness advantage against infection versus

reproductive fitness cost. A mathematical model that computes

lifetime reproductive success based on host survival advantage

against infection and reproductive cost suggests that the selec-

tive pressure imposed by sepsis can fix GGTA1 loss of function

when both exposure to and virulence of the pathogen are high

(Figure 6). This supports the hypothesis that protection from

infection by highly virulent pathogens associated with the devel-

opment of sepsis might have led to a ‘‘catastrophic-selection’’ of

ancestral primates, whereby mutant offspring lacking a func-

tional GGTA1 survived and replaced the parental populations

(Galili, 2019). Of note, extensions of this model may include

more detailed resolution of age-dependence in survivorship

(Deevey, 1947; Pearl, 1928), exposure to pathogens and protec-

tion from infection, represented herein with constant rates or

probabilities. Such a resolution, when integrated with empirical

data, will likely lead to more accurate understanding of trade-

offs between protection from infection and reproductive output

and their effect on selection.

Although the mathematical model used in this study was

parameterized by empirical data obtained frommice maintained

under laboratory conditions, its biological nature speaks to gen-

eral scenarios, where trade-offs between protection from
y IgG NAb

incubation with serum from Ggta1+/+ (n = 14) and Ggta1�/� (n = 15) mice;

Ggta1�/� (n = 14) mice, 3 h after infection (i.p.) with a cecal inoculum from

h IgG from Ggta1+/+ and Ggta1�/� mice.

g all IgG+ bacteria as in (C) (n = 11); 6 experiments.

ighted UniFrac distance of IgG+ bacteria, (G) unweighted UniFrac, and (H)

= 10) andGgta1�/� (n = 10) mice, 3 h after infection with a cecal inoculum from

6) andGgta1�/� (n = 6) mice. Curves are interpolated from 0 to the sample size

uences of the entire IgG repertoire and hierarchical clustering of samples after

rity in the same samples as (I). (K) Pairwise overlap circos plot showing the non-

es as (I). Symbols in (A, B, E, F, G, H, and J) are individual mice and in (D) are

ean values. Error bars in (A, B, and D) correspond to SD. p values in (A and B)

) Shannon-Wiener index differences between groups calculated using Mann-
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infection and reproduction are at play. With such a quantitative

framework of lifetime reproductive success, alternative combi-

nations of functions and parameters can be integrated to explore

selection of traits that simultaneously affect reproduction and

survival. This includes protective immunity against virulent path-

ogens expressing a-gal (Soares and Yilmaz, 2016) or possibly fe-

male immunity against paternal a-gal, as possible contributors to

the rapid fixation of GGTA1 loss-of-function mutations similar to

other human-specific loss-of-function mutations, such as in the

CMP-N-acetylneuraminic acid hydroxylase (CMAH) gene (Gha-

deri et al., 2011).

An evolutionary implication of our findings is that Old World

primates, including humans, appear to be at a higher risk of

developing sepsis in response to bacterial infection. In strong

support of this notion, humans are more susceptible to develop

shock when challenged by bacterial lipopolysaccharide (LPS),

as compared with other mammalian lineages (Chen et al.,

2019). Whether this can be explained by intrinsic characteristics

of human immunity and/or the capacity to establish disease

tolerance to infection is unclear (Martins et al., 2019; Medzhitov

et al., 2012). This is consistent, however, with the idea that similar

to GGTA1, humans carry other loss-of-function mutations asso-

ciated with enhanced immune resistance to bacterial infection

(Olson, 1999; Wang et al., 2006). Considering that genetic pro-

grams driving resistance and disease tolerance to infection are

negatively correlated (Råberg et al., 2007), mutations increasing

resistance might carry, as a trade-off, a reduced capacity to

establish disease tolerance to infection.

In conclusion, our findings support the idea that the positive se-

lection of GGTA1 loss-of-function mutations in the common

ancestor of Old World primates was propelled by an overall

enhancement in IgGeffector function, providing resistanceagainst

infection by gut pathobionts that would otherwise lead to the

development of sepsis. Thisprovideda survival advantageagainst

infection by a broad range of pathogens, likely outweighing the

trade-off imposed by the emergence of reproductive senescence

and lower reproductive output, potentially explaining why loss of

GGTA1wasa rareevent,whichoccurredalmostexclusivelyduring

the evolution of Old World primates toward humans.
Figure 5. Loss of a-gal expression enhances IgG effector function

(A) Total number of infiltrating CD11b+Ly6Ghigh neutrophils in the peritoneal lava

injection of E. faecalis, unopsonized (light gray circles; n = 2) or opsonized with Ig

experiment.

(B) Total number of bacteria-containing neutrophils in the same samples as in (A

(C) IgG-dependent phagocytosis index calculated as a ratio of bacteria-containing

samples as in (A).

(D) Detection of a-gal by anti-aGal M86mAb in the heavy (HC) and light (LC) chain

shown as loading control. Data are representative of 6 independent IgG prepara

(E) Relative binding of recombinant mouse FcgRIV to plate-bound IgG, purified

preparations. Data are representative of 4 experiments.

(F) Relative binding of an anti-IgG to plate-bound IgG in the same samples as in

(G andH) Biacore X100 sensorgrams depicting binding of recombinant FcgRIV to

Data are representative of 3 experiments.

(I) Detection of a-gal by anti-a-gal M86 mAb in control (Ctr.) and enzymatically dig

aGal. Coomassie stained SDS gel is shown as loading control.

(J) Relative binding of recombinant mouse FcgRIV to plate-bound Xi126 mAb, d

(K) Relative binding of the a-gal digested (Dig.) or not-digested (Ctr.) Xi126mAb to

are representative of 3 experiments. Symbols in (A, B, and C) are individual mice. R

SD and in (E, F, J, and K) to SEM. p values in (A) calculated using a one-tailed Kr

usingMann-Whitney U test and in (E, F, J, and K) using two-Way ANOVAwith Sida
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of Jht
�/�Ggta1�/� mice, either naive (dark gray circles; n = 3) or 3 h after

om Ggta1+/+ (white circles; n = 3) or Ggta1�/� (black circles; n = 3) mice; 1

utrophils in IgG-opsonized groups over the unopsonized group, in the same

G purified fromGgta1+/+ andGgta1�/�mice. Coomassie stained SDS gel is

s.

m Ggta1+/+ (n = 6) or Ggta1�/� (n = 6) mice, where n is independent IgG

ed IgG from (G)Ggta1+/+ and (H)Ggta1�/�mice, at various concentrations.

ed (Dig.) Xi126 mAb. An extra lane shows a-gal 110B (110B) used to digest

ted using the a-gal (Dig.) or not (Ctr.). n = 3 technical replicates.

-boundS. pneumoniaeD39 strain. n = 3 technical replicates. Data (J and K)

lines (A, B, and C) are mean values. Error bars in (A, B, and C) correspond to

l-Wallis test with Dunn’s correction for multiple comparisons, in (B and C)

multiple comparison test. Alb (serum albumin). *p < 0.05; ns: not significant.
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Figure 6. Increased fitness provided by survival advantage against infection can outweigh the reproductive fitness cost associated with loss

of Ggta1

(A) Cumulative number of offspring (pups) produced by Ggta1+/+ (n = 432) and Ggta1�/� (n = 135) trio breeding groups, over a period of 5 years.

(B) Number of offspring at the time of weaning per combined litter.

(C) Number of combined litters produced over the reproductive lifespan.

(D) Birth rate as a function of age of females in the same trio breeding groups as in (A).

(E) Age of females at the time of the last living combined litter. Data in (B–E) are from the same trio breeding groups as in (A).

(F) Survival probability of non-infected versus infected Ggta1�/� and Ggta1+/+ mice. Dashed gray line assumes a scenario of high and constant exposure to

infection (i.e., 80% probability at any age).

(G) Overall fitness of Ggta1�/� and Ggta1+/+ mice, predicted by the model, under conditions of no exposure or high exposure to infection (assuming E = 80%,

marked red in F and other empirical parameters). The reproductive cost ofGgta1 deletion and survival advantage upon infection calculated in (F) is multiplied with

the birth rate function calculated in (D) (see STAR methods).

(H) Contour plot of fitness ratio between two genotypes in which lifetime exposure to infection (E), assumed as constant over age, is varied along the x axis and the

magnitude of protection (p) inGgta1�/� (type 1) relative toGgta1+/+ (type 0) is varied along the y axis. The contour plot maps combinations of E and p to theoretical

(legend continued on next page)
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model-predictions for the fitness ratioW1/W0 (>1 favoringGgta1�/�, and <1 favori

P) combinations for positive selective advantage (s > 0) of Ggta1�/� versus Ggta

conferring protection p of 64%, against highly virulent pathogens (v = 154) (see STA

shown in (D), when exposure is sufficiently high (e.g., E = 80%). Error bars in (A, B,

Mann-Whitney U test. ****p < 0.0001, ns: not significant.
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Alpha-Gal Epitope (Galalpha1-3Galbeta1-

4GlcNAc-R), mAb (M86) antibody

Enzo Life Sciences Cat# ALX-801-090; RRID: AB_2111596

Anti-Mouse CD45 (Leukocyte Common

Antigen, Ly-5) Monoclonal Antibody,

Phycoerythrin-Cy5.5 (PE-Cy5.5)

Conjugated, Clone 30-F11

Thermo Fisher Scientific Cat# 35-0451-81; RRID: AB_469717

Brilliant Violet 421� anti-mouse/human

CD11b antibody

BioLegend Cat# 101251; RRID: AB_2562904

Goat Anti-Mouse Ig, Human ads-UNLB

antibody

Southern Biotech Cat# 1010-01; RRID: AB_2794121

Goat Anti-Mouse IgG, Human ads-HRP

antibody

Southern Biotech Cat# 1030-05; RRID: AB_2619742

Goat Anti-Mouse IgG, Human ads-PE

antibody

Southern Biotech Cat# 1030-09; RRID: AB_2794297

Goat Anti-Mouse IgG, Human ads-UNLB

antibody

Southern Biotech Cat# 1030-01; RRID: AB_2794290

Goat Anti-Mouse IgG1, Human ads-HRP

antibody

Southern Biotech Cat# 1070-05; RRID: AB_2650509

Goat Anti-Mouse IgG2b, Human ads-HRP

antibody

Southern Biotech Cat# 1090-05; RRID: AB_2794521

Goat Anti-Mouse IgG2c, Human ads-HRP

antibody

Southern Biotech Cat# 1079-05; RRID: AB_2794466

Goat Anti-Mouse IgG3, Human ads-HRP

antibody

Southern Biotech Cat# 1100-05; RRID: AB_2794573

Goat Anti-Mouse IgM-HRP antibody Southern Biotech Cat# 1021-05; RRID: AB_2794240

Mouse Anti-aGal IgG2b Yilmaz et al., 2014 N/A

Mouse IgG-UNLB antibody Southern Biotech Cat# 0107-01; RRID: AB_2732898

PE/Cy7 anti-mouse Ly-6G antibody BioLegend Cat# 127618; RRID: AB_1877261

Rat Anti-CD16 / CD32 Monoclonal

Antibody, Unconjugated, Clone 2.4G2

BD Biosciences Cat# 553142; RRID: AB_394657

Rat Anti-Mouse C1q Monoclonal Antibody,

Biotin Conjugated, Clone RmC7H8

Cedarlane Cat# CL7501B; RRID: AB_10547085

Bacterial and virus strains

Clostridium bifermentans This study N/A

E. coli M5S5 This study N/A

E. coli M6L4 This study N/A

E. coli O86:B7 ATCC ATCC12701

E. gallinarum This study N/A

Enterococcus faecalis This study N/A

Klebsiella pneumoniae This study N/A

Parabacteroides goldsteinii This study N/A

Staphylococcus sciuri This study N/A

Streptococcus pneumoniae D39 Kind gift from R. Sá-Leão and C. Valente

(Instituto de Tecnologia Quı́mica eBiológica

António Xavier)

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Biotinylated Mouse Fc gamma RIIB /

CD32b Protein, Avitag�,His Tag (SPR

verified)

Acrobiosystems Cat# CDB-M82E8

Biotinylated Mouse Fc gamma RIV / CD16-

2 Protein, His,Avitag (BLI verified)

Acrobiosystems Cat# FC4-M82E8

Biotinylated Mouse FcRn / FCGRT&B2M

Heterodimer Protein, His,Avitag� (BLI

verified)

Acrobiosystems Cat# FCM-M82W5

BSA Molecular Biology Grade New England Biolabs Cat# 174B9000S

Gala1-3Galb1-4GlcNAc-BSA (14 atom

spacer)

Dextra Cat# NGP1334

Gibco� Bacto� Brain Heart Infusion BD Difco Cat# 10462498

Hematin porcine Sigma Cat# H3281-1G

InstantBlue�Ultrafast Protein Stain Sigma Cat# ISB1L

L-Cysteine Sigma Cat# C7352-25G

L-Histidine Sigma Cat# H6034-25G

Lectin from Bandeiraea

simplicifolia (Griffonia simplicifolia) Isolectin

B4 (BSI-B4), biotin conjugate, lyophilized

powder

Sigma Cat# L2140

Lectin from Bandeiraea

simplicifolia (Griffonia simplicifolia) Isolectin

B4 (BSI-B4), FITC conjugate, lyophilized

powder

Sigma Cat# L2895

Menadione Sigma Cat# M5625-25G

Mouse C1q Complement Technology, Inc. (CompTech) Cat# M099

Mouse Fc gamma RI / CD64 Protein,

His Tag

Acrobiosystems Cat# CD4-M5227

Mouse Fc gamma RIII / CD16 Protein, His

Tag (SPR verified)

Acrobiosystems Cat# CDA- M52H8

Nutrient Broth BD Difco Cat# 10679125

SuperSignal� West Femto Maximum

Sensitivity Substrate

Thermo Fisher Scientific Cat# 34096

SYBR� Green I Nucleic Acid Gel Stain Thermo Fisher Scientific Cat# S7563

SYTO� 41 Blue Fluorescent Nucleic

Acid Stain

Thermo Fisher Scientific Cat# S11352

TMB Substrate Reagent Set BD Pharmingen Cat# 555214

Vitamin K1 Sigma Cat# V3501-1G

Critical commercial assays

Alexa Fluor� 594 Protein Labelling Kit Thermo Fisher Scientific Cat# A10239

Biotinylation Kit / Biotin Conjugation Kit

(Fast, Type A)

Abcam Cat# ab201795

DNeasy PowerSoil Kit Qiagen Cat# 12888-50

KAPA Mouse Genotyping Kit Kapa Biosystems Cat# KK7352

NucleoSpin� RNA Macherey-Nagel Cat# 740955.250

PE/Cy5� Conjugation Kit - Lightning-Link� Abcam Cat# ab102893

QIAamp Fast DNA Stool Mini Kit Qiagen Cat# 50951604

RNeasy� MinElute� Cleanup Kit Qiagen Cat# 74204

TripleXtractor Grisp Cat# GB23

Deposited data

Raw and analyzed data This paper N/A

Pan IgG repertoire in AlphaGal KO mice This paper and Mendeley Data v1 https://doi.org/10.17632/63zrf57jd7.1

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: organisms/strains

Mouse: Ggta1+/+: B6.C57BL/6/J The Jackson Laboratory N/A

Mouse: B6. Ggta1-/- Tearle et al., 1996 N/A

Mouse: B6. Jht
-/-Ggta1-/- Yilmaz et al., 2014 N/A

Mouse: B6. Tcrb-/-Ggta1-/- Yilmaz et al., 2014 N/A

Mouse: B6. Aid-/-Ggta1-/- Yilmaz et al., 2014 N/A

Mouse: B6. ms-/-Ggta1-/- Yilmaz et al., 2014 N/A

Mouse: B6. Iga-/- Blutt et al., 2012; Kind gift fromM.E. Conner N/A

Mouse: Rag2-/-: B6.129S6-Rag2tm1Fwa Originally from Taconic, at IGC for many

generations (Shinkai et al., 1992)

N/A

Oligonucleotides

Mouse Primers for genotyping, See

Table S1

This study and Yilmaz et al., 2014 N/A

Mouse Primers for IgG repertoire

sequencing, See Table S2

Li et al., 2020 N/A

Software and algorithms

Fiji ImageJ https://imagej.net/Fiji/Downloads, v.2.0

FlowJo FlowJo https://www.flowjo.com/solutions/flowjo/

downloads; v9.3

Greengenes DeSantis et al., 2006 http://greengenes.secondgenome.

com/ v.13.8

MIXCR v2.1.12 (Bolotin et al., 2015) http://mixcr.milaboratory.com/

Prism GraphPad https://www.graphpad.com; v.6.0

QIIME (Caporaso et al., 2010b) http://qiime.org/ v.1.9.1

VDJtools Shugay et al., 2015 https://github.com/mikessh/vdjtools

Other

BBL� Dry Anaerobic Indicator Strips Becton Dickinson Cat# 271051

GasPak� anaerobe container system Becton Dickinson Cat# 11747194

HiTrapTM Protein G HP GE Healthcare Cat# 17-0404-01

KIMBLE Dounce tissue grinder set Sigma Cat# D8938

Mersilk, 3-0 Ethicon Cat# W212

Nunc MaxiSorp� flat-bottom Thermo Fisher Scientific Cat# 442404

Reflex Wound Clips, 9 mm Cellpoint Scientific Cat# 201-1000

Sensor Chip SA GE Healthcare/Cytiva Cat# BR100032

Suture with Needle Silkam�
Nonabsorbable Coated Black Suture

Braided Silk

Silkam� Cat# C0761214

TrypticaseSoy Agar II with 5% Sheep Blood

plates

Becton Dickinson Cat# 254053
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents should be directed to, and will be fulfilled by, the Lead Contact, Miguel P. Soares

(mpsoares@igc.gulbenkian.pt).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The raw files for the IgG-repertoire datasets generated during this study are available onMendeleyData (https://data.mendeley.com/)

and can be accessed through the following link: ‘‘Pan IgG repertoire in AlphaGal KO mice’’, Mendeley Data, v1, https://doi.org/10.

17632/63zrf57jd7.1
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Mice were used in accordance with protocols approved by the Ethics Committee of the Instituto Gulbenkian de Ciência (IGC) and

Direção Geral de Alimentação e Veterinária (DGAV), following the Portuguese (Decreto-Lei no. 113/2013) and European (directive

2010/63/EU) legislation for animal housing, husbandry and welfare. C57BL/6J wild-type, Ggta1-/- (Tearle et al., 1996), Jht
-/-Ggta1-/-

(Gu et al., 1993), Tcrb-/-Ggta1-/- (Yilmaz et al., 2014),Aid-/-Ggta1-/- (Yilmaz et al., 2014) and ms-/-Ggta1-/- (Yilmaz et al., 2014)micewere

used. Iga-/-Ggta1-/- andRag2-/-Ggta1-/-mice were generated by crossingGgta1-/- (Tearle et al., 1996) with C57BL/6 Iga-/- (Blutt et al.,

2012) and Rag2-/- (Shinkai et al., 1992) mice, respectively. Mice were bred and maintained under specific pathogen-free (SPF) con-

ditions (12 h day/night, fed ad libitum), as described (Yilmaz et al., 2014).

Germ-free (GF) C57BL/6J Ggta1+/+ and Ggta1-/- animals were bred and raised in the IGC gnotobiology facility in axenic isolators

(LaCalhene/ORM), as described (Yilmaz et al., 2014). Adult micewere transferred to sterile ISOcages (Tecniplast) and sterility of food,

water, bedding, oral swab and feces were confirmed before each experiment by plating samples on Sabouraud Glucose Agar (BD

#254039) for fungi, or Trypticase�Soy Agar II plates with 5%Sheep Blood (BD #254053) for bacteria, and incubated (37�C, 5 days) in
air with 5% CO2 for aerobes and in air tight containers equipped with GasPak� anaerobe container system (BD #11747194) for an-

aerobes. Anaerobic conditions were confirmed using BBL� Dry Anaerobic Indicator Strips (Becton Dickinson #271051). Samples

were added to Difco�Nutrient Brothmedium (#234000), incubated (37�C, 5 days) and plated (�500 mL/plate) on Sabouraud Glucose

Agar and Trypticase�Soy Agar II plates with 5%Sheep Blood and incubated (37�C, 5 days) under aerobic and anaerobic conditions.

Plates and liquid medium were checked for absence of fungal and bacterial growth.

Both male and female mice were used for all experiments. All animals were studied between 9-16 weeks of age unless otherwise

indicated.

Bacterial strains and culture conditions
E. coli O86:B7 (ATCC12701) were streaked from �80�C glycerol stocks onto Luria-Bertani (LB) 1.5% agar plates, incubated at 37�C

overnight. For liquid culture, a single colony was inoculated into 5-10mL LB liquidmedium and incubated (12-16 h, 37�C)with aeration

(180-200 rpm). For analysis of aGal expression, E. coliO86:B7was grown in NBmedium (BDDifco). Optical Density at 600 nm (OD600)

of the overnight culture was measured by spectrophotometry (Bio-Rad SmartSpecTM3000). To harvest bacteria during exponential

growth phase, sub-culturing was done in NB medium with a starting OD600 of 0.05 by incubation (3 h, 37�C) with aeration (180-

200 rpm). OD600 of the bacterial sub-culture was measured (OD=2 corresponding to approximately 109 CFU/mL). The culture was

incubated to stop growth (5min., 4�C) and bacteria were pelleted by centrifugation (4,000 rpm, 20min., 4�C). The pellet was suspended

in sterile PBS (5 mL). OD600 was measured in PBS (1:10 vol/vol) in triplicate. A volume of bacterial culture corresponding to approx-

imately 106-107 cells per condition was harvested, fixed with 4% PFA/1xPBS and stained for flow cytometry as described.

E. coli M6L4, E. coli M5S5 and Klebsiella pneumoniae were cultured as described above. Cells from -80�C frozen stocks were

streaked onto LB agar plates, incubated overnight at 37�C under aerobic conditions, and cells from the resulting colonies used to

inoculate 5-10 mL LB medium. Bacterial cultures were incubated at 37�C, with aeration (180-200 rpm), for 12-16 h. Staphylococcus

sciuri, Clostridium bifermentans, Enterococcus faecalis and E. gallinarum were grown as above using solid or liquid brain heart infu-

sion (BHI) media supplemented with 100 mM vitamin K1 and 1.9 mM hematin; and cultured anaerobically at 37�C for 2 days.

E. faecalis and E. gallinarumwere also grown under aerobic conditions on BHI solid or liquid media overnight for flow cytometry anal-

ysis. Parabacteroides goldsteinii was cultured anaerobically on solid or liquid BHI medium supplemented with 1.2 mM histidine,

1.9 mM hematin, 1 mg/mL menadione, and 500 mg/mL cysteine at 37�C for 2 days. Streptococcus pneumoniae D39 was grown in

Todd Hewitt Broth (Biolife,# 4021342) supplemented with 5% yeast extract (BD Difco # 11798213) at 37�C, 5% CO2 for 3-5 h.

METHOD DETAILS

Genotyping
Mice were genotyped from tail biopsies (0.5-1 cm) by PCR of genomic DNA using a standard protocol, as per manufacturer’s pro-

tocols (KAPA mouse genotyping kit #KK7352). Samples were lysed in KAPA Express Extract Enzyme (1 mL), KAPA Express Extract

Buffer (5 mL) and water (44 mL), heated (750C, 15 min., and 950C, 5 min.), vortexed (3 sec), centrifuged (16,000 g, 1 min., room tem-

perature (RT)), diluted in water (1:4 vol/vol) and centrifuged (16,000 g, 1 min., RT). Extracted DNA (1 mL) was amplified in the PCRmix

consisting of 2x KAPA2G Fast Genotyping Mix (5 mL), each primer (0.5 mL) and water (2-2.5 mL). Visualization of PCR products was

done on a 1-2% agarose gel (80-100 V, 1-2 h).

Cecal ligation and puncture (CLP)
CLPwas performed as described (Rittirsch et al., 2009). Procedures were performed routinely at the same time of the day, starting at

9 am. Briefly, mice were anaesthetized (intraperitoneal, i.p.) using ketamine (75 mg/kg) and xylazine (15 mg/kg) (�140 mL/mouse, 1:1

vol/vol in sterile 0.9% saline). The lower left quadrant of the abdomen was disinfected with Betadine� solution. Under aseptic con-

ditions, a 1-2 cm lower left quadrant laparotomy was performed and the cecumwith the adjoining intestine was exposed. 20-30% of

the cecum below the ileo-cecal valve was tightly ligated with a silk suture (3-0Mersilk #W212) and perforated twice (23G needle). The

cecum was then gently squeezed to extrude a small amount of cecal content from the perforation sites, returned to the peritoneal
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cavity and the abdomen was closed with silk sutures (Virgin Silk #C0761214). The skin was closed with Reflex 9 mm clips (Cellpoint

Scientific #201-1000). Mice were resuscitated by injecting 800 mL (mice < 25 g) or 1 mL (mice > 25 g) of sterile 0.9% saline solution

(subcutaneous, 25G needle). Mice were placed on a heating pad (30 min.-2 h) until recovery from anesthesia and provided with free

access to food and water by placing hydrogel or food pellets on the bottom of the cage. Mice were monitored every 12 h for survival

for 14 days or euthanized at various time points for analysis of different parameters.

Cecal slurry injection
Under aseptic conditions, 3-5 donor mice were sacrificed, and a 1-2 cm lower left quadrant laparotomy performed. The cecum was

excised, contents extracted, pooled in pre-weighed sterile Eppendorf tubes and kept on ice. The cecal contents were weighed and

homogenized in sterile PBS by vortexing (maximum speed, 1-5 min.). The resulting cecal slurry was filtered (BD FalconTM, 40 mm cell

strainer, # 352340) and injected to recipient mice (i.p. 1-1.25 mg/g body weight, 25G needle). Mice were monitored every 12 h for

survival for 14 days or euthanized at various time points for analysis of different parameters.

To analyze mouse survival when exposed to killed cecal content, cecal slurry from Rag2-/-Ggta1-/- mice was prepared as above,

pelleted by centrifugation (4,000 rpm, 4�C, 20min.), supernatant discarded andmaterial re-suspended in paraformaldehyde (PFA, 4%

wt/vol in PBS). Fixation was left to proceed overnight, before centrifugation as above, andwashing (2x, PBS). A lack of viable bacteria

in the inoculumwas confirmed by plating undiluted content on Trypticase�Soy Agar II plates with 5%SheepBlood (BD #254053) and

incubating at 37�C under anaerobic conditions for 3 days. Fixed cecal material was injected to mice (i.p. 1.25mg/g body weight, 25G

needle) and survival was monitored every 12 h for 14 days.

Breeding experiments
Segregation ofGgta1+/+ andGgta1-/- genotypes carrying a similar microbiota derived fromGgta1-/-mice was achieved, as described

(Ubeda et al., 2012). Briefly, two or more breeding pairs were established, consisting of two Ggta1-/- females and one Ggta1+/+ male

per cage. The male was removed after one week and the females were placed in a clean cage until delivery. F1 Ggta1+/- pups were

weaned at 3-4 weeks of age and then co-housed until 8 weeks of age. F1 Ggta1+/- breeding pairs were established randomly using

one male and two females per cage. F2 pups were weaned at 3-4 weeks of age, genotyped and segregated according to their

Ggta1-/- vs. Ggta1+/+ genotype in separate cages until adulthood. Fecal pellets were collected (10-12 weeks of age) for microbiota

analysis.

Reproductive output
Breeding of Ggta1+/+ and Ggta1-/- mice was performed under SPF conditions using trio breeding groups, composed of two females

per male per cage. Breeding was established when mice reached 8-10 weeks of age. A total of n=432 of Ggta1+/+ and n=135 of

Ggta1-/- trio breeding groups were analyzed over a period of 5 years, spanning from 2012 to 2017. Breeding was monitored for: i)

number of pups produced over the reproductive life-span of each breeding group, ii) number of pups per combined litter, whereby

combined litter refers to the pool of offspring per breeding group, as accounted for at the time of weaning, iii) number of combined

litters produced over the reproductive life-span of each breeding group and iv) reproductive senescence, as defined by the age at

which females produced the last live combined litters. Breeding was followed until 2 months after the last viable litter. Pups were

weaned at 3-4 weeks of age. Detection of dead progenitors and/or dead litters was a criterion for exclusion of the breeding group

from the analysis.

Pathogen load
Mice were sacrificed 24 h after CLP or cecal slurry injection, placed in a sterile surgical field and sprayed thoroughly with ethanol. A

5x5 cm window was created on the abdomen by excising the skin. Ice-cold sterile PBS was injected (i.p. 5 mL, 25G needle). The

mouse was shaken vigorously (5x horizontally and vertically) to homogenize the peritoneal fluid and the peritoneal lavage was

collected (3-4 mL, 23G needle) and kept on ice. The abdominal and thoracic cavities were opened, and blood was collected by

intra-cardiac puncture through a 25G needle into a heparinized syringe. Mice were perfused (25 mL of ice-cold sterile PBS) through

the left ventricle of the heart. The right atriumwas cut after confirming blanching of the liver. Whole organs (i.e. lungs, liver, spleen and

kidneys) were harvested, rinsed with sterile water and kept on ice in sterile Eppendorf tubes. Organs were homogenized under sterile

conditions (2 mL dounce tissue grinder, Sigma #D8938-1SET) in 500 mL (lungs, kidneys and spleen) or 1 mL (liver) PBS. Serial dilu-

tions were plated on Trypticase�Soy Agar II plates with 5% Sheep Blood (BD #254053) and incubated (37�C) in air with 5% CO2 for

aerobes and in air-tight containers equipped with GasPak� anaerobe container system (Becton Dickinson #11747194) for anaer-

obes. Anaerobic conditions were confirmed using BBL� Dry Anaerobic Indicator Strips (BD #271051). Colonies were counted after

24 h and quantified.

Serum collection
Blood was collected from the submandibular vein of live mice (8-9 drops per mouse) or alternatively via intra-cardiac puncture of

terminal mice. Coagulation was allowed to occur (1 h, RT), samples were centrifuged (2x, 2,000 g, 10 min., 4�C) and the supernatant

was collected and stored at -20�C until use.
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IgG purification
IgG purification was performed using HiTrapTM Protein G HP (GE Healthcare #17-0404-01) according to manufacturer’s instructions,

withmodifications. Briefly, serumwas pooled from 20-30Ggta1+/+ orGgta1-/-mice, diluted in binding buffer (1:10 vol/vol, Tris 20mM,

pH 8.0, 150 mMNaCl) and filtered (PALL Lifesciences #4612, 0.2 mM). Samples were passed through the column (1 mL/min.) using a

peristaltic pump (Gilson minipuls3) and the flow-through collected, followed by elution with elution buffer (100 mM glycine-HCl, pH

2.0, 1 mL/min.). The pH of the eluate (1 mL per Eppendorf tube) was neutralized (125 mL of Tris 1M, pH 9.0). The initial flow-through

was passed through the column again and the process repeated whenever necessary. IgG concentration was initially measured by a

spectrophotometer (NanoDropTM 2000/2000C) and IgG fractions were pooled, dialyzed against PBS and concentrated (Amicon Ul-

tra15 #UFC903024). Quality control was carried out by SDS-PAGE and the final IgG concentration was determined by ELISA, as

described below.

IgG conjugation
Purifiedmouse IgGwas labeledwith either PE/Cy5� (Abcam #ab102893) or AlexaFluor�594 (Molecular Probes #A10239), according

to the manufacturer’s instructions. Concentration of the labeled IgG was determined by ELISA, as described below.

Passive transfer of IgG
Purified mouse IgG (300 mg in 240 mL PBS) was injected (i.p.) to Rag2-/-Ggta1-/- mice, 24 h before cecal slurry injection.

Enzymatic digestion of Xi126 mAb
Xi126 mAb (0.1 mg/mL) was incubated with a-Galactosidase 110B (NZYTech, # CZ1050, 0.2 mg/mL) in Glycine buffer (200 mM

glycine, 3 mM NaCl, pH 6.8, 26�C, 1 h).

ELISA
ELISA for IgG binding to cecal extracts was done, essentially as described (Zeng et al., 2016). Briefly, cecal content from 3-5 mice

was collected, pooled and weighed in sterile pre-weighed Eppendorf tubes. The cecal content was then homogenized in sterile PBS

by vortexing (maximum speed, 5 min., RT) and filtered (BD FalconTM, 40 mm cell strainer # 352340). Larger debris were removed by

centrifugation (1000 rpm, 5min., RT), the supernatant was collected and bacteria were pelleted by centrifugation (8,000 g, 5min., RT).

The pellets werewashed in PBS (2x, 10,000 g, 1min., RT) and re-suspended in PBS (500 mL). Bacteria were heat-killed (85�C, 1 h) and
suspended in Carbonate-Bicarbonate buffer (0.5 M, pH 9.5, 50 mL/mg), producing a cecal lysate.

96-well ELISA plates (Nunc MaxiSorp #442404) were coated with the cecal lysate (100 mL/well, 4�C, overnight), washed (3x, PBS

0.05% Tween-20, Sigma-Aldrich #P7949-500ML), blocked (200 mL, PBS 1% BSA wt/vol, Calbiochem #12659-100GM, 3 h, RT) and

washed (3x, PBS 0.05% Tween-20). Plates were incubated with serially diluted (50 mL) mouse sera (PBS 1%BSA, wt/vol), starting at

1:20 (vol/vol) for detection of IgG1, IgG2c and IgG3 and at 1:200 (vol/vol) for detection of IgG2b (2 h, RT) and washed (5x, PBS/0.05%

Tween-20). Immunoglobulins were detected using horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG1 (Southern

Biotech #1070-05), IgG2b (Southern Biotech #1090-05), IgG2c (Southern Biotech #1079-05) or IgG3 (Southern Biotech #1100-05)

in PBS/1%BSA/0.01% Tween-20 (100 mL, 1:4,000 vol/vol, 1 h, RT) and plates were washed (5x, PBS/0.05% Tween-20).

ELISA for Xi126 binding to S. pneumoniae D39 was done essentially as described (McDaniel et al., 1984). Briefly, bacterial cultures

(as described below) were pelleted (4000 g, 10 min.), washed and resuspended in PBS. Bacteria were heat-killed (60�C, 1 h) and

suspended in Carbonate-Bicarbonate buffer at 1012 CFU/mL. 96-well ELISA plates (Nunc MaxiSorp #442404) were coated with

the bacterial suspension (100 mL/well, 4�C, overnight), washed (3x, PBS 0.05% Tween-20, Sigma-Aldrich #P7949-500ML), blocked

(200 mL, PBS 1% BSA wt/vol, Calbiochem #12659-100GM, 3 h, RT) and washed (3x, PBS 0.05% Tween-20). Plates were incubated

with untreated or enzymatically digested Xi126mAb (0.01 mg/mL, PBS 1%BSA, wt/vol, 2 h, RT) andwashed (5x, PBS/0.05% Tween-

20). IgG2bwas detected usingHRP-conjugated goat anti-mouse IgG2b (Southern Biotech #1090-05) in PBS/1%BSA/0.01%Tween-

20 (100 mL, 1:4,000 vol/vol, 1 h, RT) and plates were washed (5x, PBS/0.05% Tween-20).

For quantification of total serum IgG, 96-well ELISA plates (Nunc MaxiSorp #442404) were coated with goat anti-mouse IgG

(Southern Biotech #1030-01, 2 mg/mL in Carbonate-Bicarbonate buffer, 100 mL/well, overnight, 4�C), washed (3x, PBS 0.05%

Tween-20, Sigma-Aldrich #P7949-500ML), blocked (200 mL, PBS 1% BSA wt/vol, 2 h, RT) and washed (3x, PBS 0.05% Tween-

20). Plates were incubated with serially diluted mouse sera (50 mL, PBS 1%BSA, wt/vol, 2 h, RT) and standard mouse IgG (Southern

Biotech #0107-10, prepared in duplicates) and washed (5x, PBS/0.05% Tween-20). IgG was detected using HRP-conjugated goat

anti-mouse IgG (Southern Biotech #1030-05) in PBS/1%BSA/0.01% Tween-20 (100 mL, 1:4,000 vol/vol, 1 h, RT) and plates were

washed (5x, PBS/0.05% Tween-20).

For quantification of anti-aGal IgG, 96-well ELISA plates (Nunc MaxiSorp #442404) were coated with either aGal-BSA (Dextra) or

goat anti-mouse Ig(H+L) (Southern Biotech #1010-01) (5 mg/mL in Carbonate-Bicarbonate buffer, 50 mL/well, overnight, 4�C). Wells

were washed (3x, PBS 0.05%Tween-20, Sigma-Aldrich #P7949-500ML), blocked (200 mL, PBS 1%BSAwt/vol, 2 h, RT) andwashed

(3x, PBS 0.05% Tween-20). Plates were incubated with serially diluted IgG purified from Ggta1+/+ or Ggta1-/- mice (50 mL, PBS 1%

BSA, wt/vol, 2 h, RT) and standard mouse anti-aGal IgG2b (derived from GT6-27 (Ding et al., 2008) and washed (5x, PBS/0.05%

Tween-20). IgG was detected using HRP-conjugated goat anti-mouse IgG2b (Southern Biotech #1090-05) in PBS/1%BSA

(100 mL, 1:4000 vol/vol, 1.5 h, RT) and plates were washed (5x, PBS/0.05% Tween-20).
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For IgG binding to FcgRs, 96-well ELISA plates (Nunc MaxiSorp #442404) were coated with purified IgG or Xi126 mAb (5 mg/mL in

Carbonate-Bicarbonate buffer, 50 mL/well, overnight, 4�C), washed (3x, PBS 0.05% Tween-20, Sigma-Aldrich #P7949-500ML),

blocked (200 mL, PBS 1% BSA wt/vol, 2 h, RT) and washed (3x, PBS 0.05% Tween-20). Plates were incubated with serially diluted

biotinylated mouse FcgRI (Acrobiosystems #CD4-M5227), FcgRIIb (Acrobiosystems #CDB-M82E8), FcgRIII (Acrobiosystems

#CDA-M52H8), FcgRIV (Acrobiosystems #FC4-M82E8) or FcRn (Acrobiosystems #FCM-M82W5) (50 mL, PBS 1% BSA, wt/vol, 2

h, RT) and washed (5x, PBS/0.05% Tween-20). Signal was detected using HRP-conjugated Streptavidin in PBS/1%BSA/0.01%

Tween-20 (100 mL, 1:2,000 vol/vol, 1 h, RT) and plates were washed (5x, PBS/0.05% Tween-20).

For IgG binding to C1q, 96-well ELISA plates (Nunc MaxiSorp #442404) were coated with purified IgG (5 mg/mL in Carbonate-Bi-

carbonate buffer, 50 mL/well, overnight, 4�C), washed (3x, PBS 0.05% Tween-20, Sigma-Aldrich #P7949-500ML), blocked (200 mL,

PBS 1%BSAwt/vol, 2 h, RT) and washed (3x, PBS 0.05% Tween-20). Plates were incubated with serially dilutedmouse C1q (Comp-

Tech #M099), washed (5x, PBS/0.05% Tween-20), incubated with biotinylated anti-mouse C1q (Cedarlane #CL7501B, 1:50,000 vol/

vol, PBS/1%BSA/0.01% Tween-20, 1 h, RT) and washed (5x, PBS/0.05% Tween-20). Signal was detected using HRP-conjugated

Streptavidin in PBS/1%BSA/0.01% Tween-20 (100 mL, 1:2,000 vol/vol, 1 h, RT) and plates were washed (5x, PBS/0.05% Tween-20).

To control for IgG binding, 96-well ELISA plates (Nunc MaxiSorp #442404) were coated with purified IgG (5 mg/mL in Carbonate-

Bicarbonate buffer, 50 mL/well, overnight, 4�C), washed (3x, PBS 0.05%Tween-20, Sigma-Aldrich #P7949-500ML), blocked (200 mL,

PBS 1% BSA wt/vol, 2 h, RT) and washed (3x, PBS 0.05% Tween-20). Plates were incubated with serially diluted HRP-conjugated

goat anti-mouse IgG (Southern Biotech #1030-05) in PBS/1%BSA/0.01% Tween-20 (100 mL, 1 h, RT) and washed (5x, PBS/0.05%

Tween-20).

HRP activity was detected with 3,30,5,50-Tetramethylbenzidine (TMB) Substrate Reagent (BD Biosciences #555214, 50 mL, 20-

25 min., dark, RT) and the reaction was stopped using sulfuric acid (2N, 50 mL). Optical densities (OD) were measured using a Mul-

tiSkan Go spectrophotometer (ThermoFisher) at l=450 nm and normalized by subtracting background OD values (l= 600 nm). Con-

centrations of IgG2b in purified serum IgG samples were calculated from the absorbance obtained with reference to the standard

curve determined for total and aGal-specific IgG2b, respectively.

Western blot for detection of aGal
Purified IgG, BSA conjugated to aGal (Dextra # NGP1334), unconjugated BSA (New England Biolabs #174B9000S), untreated Xi126

mAb, enzymatically digested Xi126 mAb and a-Galactosidase (110B) were denatured in 2X SDS page sample buffer (20% glycerol,

4% SDS, 100 mM Tris pH 6.8, 0.002% bromophenol blue, 100 mM DTT, 70�C, 10 min.) and separated by SDS-PAGE (12% acryl-

amide/bisacrylamide gel, 29:1; 100V; 2 h). Proteins were transferred onto a PVDF membrane (50 min, 12 V), blocked (5% BSA in

20 mM Tris/HCl pH 7.5, 150 mM NaCl and 0.1% Tween-20 or TBST buffer, 2 h) and incubated (4�C, overnight) with biotinylated

BSI-B4 lectin from Bandeiraea (Griffonia) simplicifolia (Sigma-Aldrich, #L3759-1MG, 1 mg/mL, 5% BSA in TBST buffer, 5 mL) or

with anti-aGal M86 mAb (1:1000, 5% BSA in TBST buffer, 5 mL). Membranes were washed with TBST (1x, 5 min., RT) and incubated

with Streptavidin-HRP (10 mL, 1:5,000, 1 h, RT) for detection of BSI-B4, or with goat anti-mouse IgM-HRP (Southern Biotech #1021-

05, 10 mL, 1:5,000, 1 h, RT) for detection of M86 mAb. Membranes were washed with TBST (3x, 20 min., RT) and developed (Super-

Signal� West FEMTO Max. Sensitivity Substrate #11859290) using Amersham Imager 680 (GEHealthcare), equipped with a Peltier

cooled Fujifilm Super CCD. As a loading control, SDS-PAGE gel was stained with InstantBlueTM Safe Coomassie Stain (Sigma #

ISB1L-1L).

Flow cytometry of bacterial IgG binding and aGal expression
Overnight cultures of bacteria were prepared as described above. Samples of 5-20 mL of each bacterial culture depending on OD600

measurements, and corresponding to approximately 106-107 cells, were fixed in PFA (4%wt/vol in PBS) and washed with filter-ster-

ilized PBS. Bacteria were incubated in either Fluorescein Isothiocyanate (FITC)-conjugated BSI-B4 lectin from Bandeiraea (Griffonia)

simplicifolia (Sigma-Aldrich, #L2895-1MG, 50 mL, 40 mg/mL in PBS, 2 h) for detection of aGal, or IgG purified fromGgta1+/+ orGgta1-/-

mouse serum (60 mg/mL, PBS 2% BSA, wt/vol, 30 min.) followed by anti-mouse IgG-PE (Southern Biotech #1030-09, 1:100 in PBS

2% BSA wt/vol, 30 min.). Cells were washed and analyzed by flow cytometry using an LSR Fortessa SORP (BD Biosciences), as

described below. Data from at least 10,000 single cell events were measured and analyzed using FlowJo software (v.10).

In vivo phagocytosis assay
In vivo phagocytosis assays were performed upon injection (i.p.) of FITC-labeled E. faecalis (108 CFU, 4% PFA, in 100 mL PBS) to

Jht
-/-Ggta1-/- mice. Bacteria were either unopsonized or opsonized with IgG (300 mg/mL, 30 min., 37�C) purified from Ggta1+/+ or

Ggta1-/- mice. Peritoneal lavage was done 3 h after injection (5 mL, ice-cold PBS) using naı̈ve mice as controls. Samples were pre-

pared as follows: 500 mL aliquots of the lavage were centrifuged (500 g, 2 min., 4�C) and viable cells were stained using Live/dead

fixable yellow stain (1:1000 in 1%FBS/PBS,Molecular Probes, 15min., on ice). Cells were washed and incubated (15-20min., on ice)

with Fc Block (1:100 in 1% FBS/PBS, Clone 2.4G2, BD Biosciences), followed by anti-CD45-PE-Cy5.5 (1:100, clone 30-F11, Life

Technologies), anti-Ly6G-PE-Cy7 (1:100, clone 1A8, Biolegend) and anti-CD11b-BV421 (1:100, clone M1/70, Biolegend). Cells

were analyzed using LSR Fortessa X20 (BDBiosciences) and FACSDiva software (BDv.6.2). Cell numbers were calculated using Per-

fectCount Microspheres (Cytognos). Data from at least 10,000 single viable CD45+ cells were acquired and analyzed by FlowJo soft-

ware (v10.0.7).
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Flow cytometry for bacterial staining
Bacterial staining of cecal content was performed essentially as described (Bunker et al., 2017; Koch et al., 2016; Zeng et al., 2016).

Briefly, cecal slurry was prepared as described above, homogenized, filtered through a 40 mM cell strainer and diluted to a concen-

tration of 5 mg/mL in sterile PBS. Large debris were pelleted by centrifugation (600 g, 4�C, 5 min.). 50 mL supernatant (containing

bacteria) per condition was added to a 96-well v-bottom plate (Corning Costar #3894) for staining. Bacteria were pelleted by centri-

fugation (3,700 g, 10 min., 4�C) and suspended in flow cytometry buffer (filter-sterilized 1xPBS, 2% BSA, wt/vol). Bacterial DNA was

stained using SYTO�41 Blue Fluorescent Nucleic Acid Stain (Molecular Probes #S11352, 1:200 vol/vol, wt/vol) or with SYBR�Green

I Nucleic Acid Gel Stain (Invitrogen #S-7563, 1:1000 vol/vol) in flow cytometry buffer (100 mL, 30 min., RT). Cecal content from germ

free (GF) mice was used as control. Bacteria were washed in flow cytometry buffer (200 mL), centrifuged (4000 g, 10 min., 4�C) and
supernatant was removed by flicking the plate. Bacteria were incubated with mouse serum (1:20, vol/vol), or purified IgG from

Ggta1+/+ or Ggta1-/- mice (60 mg/mL) in flow cytometry buffer (100 mL, 30 min., RT) and washed, as above. IgG was detected using

Phycoerythrin (PE)-labeled goat anti-mouse IgG (Southern Biotech #1030-09, 100 mL, 1:100 vol/vol, 30 min., RT or 4�C, 1 h) and

washed as above. Samples were re-suspended in flow cytometry buffer (300 mL), transferred to round-bottom tubes (BD Falcon�
#352235) and centrifuged (300 g, 1 min., RT).

For co-staining of cecal content with purified mouse IgG from both genotypes, the bacteria were collected, stained for DNA and

washed, as described above. Bacteria were incubated with Alexa-Fluor 594 (AF594)-conjugated mouse IgG and PeCy5-conjugated

mouse IgG (100 mL, 60 mg/mL, 30 min., RT). Samples were washed and collected before analysis, as described above.

For co-staining of cecal content with purifiedmouse IgG and aGal, bacteria from the cecal content were collected, stained for DNA

and washed, as described above. Bacteria were incubated in Fluorescein Isothiocyanate (FITC)-conjugated BSI-B4 lectin from Ban-

deiraea (Griffonia) simplicifolia (Sigma-Aldrich, #L2895-1MG, 50 mL, 40 mg/mL in PBS, 2 h) for detection of aGal and IgG purified from

Ggta1+/+ or Ggta1-/- mouse serum (60 mg/mL, PBS 2% BSA, wt/vol, 30 min.) followed by anti-mouse IgG-PE (Southern Biotech

#1030-09, 1:100 in PBS 2%BSA wt/vol, 30 min.). Supernatant was removed by aspiration and the stained bacteria were suspended

in sterile filtered PBS (500 mL) and collected before analysis as described above. E coliO86:B7 (about 107 per tube) were also stained

with FITC-conjugated BSI-B4 lectin as described above, as a positive control for bacterial aGal expression.

For bacterial staining in the peritoneal cavity, the bacteria were harvested by peritoneal lavage as described above, and centrifuged

(900 g, 5 min., 4�C). The supernatant containing the bacteria was collected (500 mL), centrifuged (10,000 g, 1 min., 4�C) and sus-

pended in flow cytometry buffer. The remainder of the procedure was similar to that detailed above. An additional step to exclude

host leukocytes was included in which the suspension was co-stained with PECy5.5-labeled rat anti-mouse CD45 (eBioscience,

Clone 30-F11, 1:100 vol/vol, 15 min., RT or 4�C, 1 h) and washed as above. For staining aGal, the pellet was suspended in freshly

prepared BSI-B4-FITC conjugate (50 mL, 40 mg/mL, 2 h, RT). Samples were washed and collected before analysis as

described above.

Samples were analyzed in LSR Fortessa SORP (BD Biosciences) equipped with a high-throughput sampler (HTS) using the FACS-

Diva Software (BD v.6.2). SYBR� Green and BSI-B4-FITC were excited with blue laser (488 nm, filters: 530/30, 502LP), IgG-PE with

Yellow-green laser (561 nm, detection filter: 590/20), CD45-PECy5.5 with Yellow-green laser (561 nm, detection filters: 705/70,

685LP), Syto41 with Blue-violet laser (442 nm, detection filters: 480/40, 455LP), PeCy5 with Blue laser (488 nm, detection filters:

695/40, 660LP) and AF594 with Yellow-green laser (561 nm, detection filters: 630/30, 610LP). Compensations were done using

anti-rat/hamster Igk compensation beads (BD� CompBead #552845). Before acquisition of samples, laser voltages were standard-

ized using SPHERO� Ultra Rainbow Fluorescent Particles (Spherotech #URFP01-30-2K). Data from at least 10,000 single bacterial

events were measured and analyzed by FlowJo software (v10.0.7).

Flow cytometry for bacterial sorting
Bacterial staining for IgG in the peritoneal cavity was done as described above. Sorting was performed in FACSAria IIu (BD Biosci-

ences, 70 mm nozzle). SYBR� Green, IgG-PE and CD45-PE-Cy5.5 were excited with blue laser (488 nm) and fluorescence detected

using the following filters, respectively: 530/30, 502LP, 585/42, 550LP, 695/40, 655LP. The gating strategy was set using Fluores-

cence Minus One (FMO) controls for all fluorochromes, as well as biological controls that specifically lack target populations.

5,000-10,000 events of IgG-positive and IgG-negative bacterial populations were sorted into tubes containing filter-sterilized PBS

(50 mL) and stored at �800C until further analysis.

Extraction of bacterial DNA from feces
Fecal pellets (4-5/mouse) were collected in sterile Eppendorfs and stored at -80�C. DNA extraction was done according to manufac-

turer’s instructions (QIAamp Fast DNA Stool Mini Kit #50951604). Briefly, individual samples were thawed and mechanically disrup-

ted in InhibitEX Buffer (1 mL) with a motorized pestle using sterile glass beads (Disrupter Genie # 9730100, about 0.4 g/sample).

Disruption of microbial cells was enhanced using TissueLyser II (QIAGEN, 30 shakes/sec., 1 min., 2x). To lyse Gram-negative bac-

teria, the suspensions were heated (12 min., 95�C), vortexed (15 s) and larger particles were pelleted by centrifugation (20,000 g,

1 min., RT). The supernatant (200 mL) was lysed by incubation (12 min., 70�C) in a mixture of Proteinase K (15 mL) and AL buffer

(200 mL) and vortexed (15 s). DNA in the lysate was precipitated with ethanol (96–100%, 200 mL) and washed in AW buffer (20,000

g, 1min., RT, 2x). DNA was incubated in ATE buffer (100 mL, 1 min., RT), eluted by centrifugation (20,000 g, 1 min., RT) and frozen

at -80�C until further use.
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Extraction of sorted bacterial DNA
DNAwas extracted from flow cytometry sorted bacterial samples usingmanufacturer’s protocols (DNeasy PowerSoil Kit #12888-50).

Briefly, samples (5x103-1x104 bacteria) were lysed in Solution C1 (60 mL) in PowerBead tubes, vortexed briefly and heated (10 min.,

65�C). Mechanical disruption of microbial cells was done using TissueLyser II (QIAGEN, 30 shakes/sec., 10-20min.) and the samples

were centrifuged (10,000 g, 30 sec., RT). The supernatant was cleaned by incubation (5 min., 2–8�C) in Solution C2 (250 mL) followed

by Solution C3 (200 mL), vortexed (5 sec.), and centrifuged (10,000 g, 1 min., RT). To bind DNA to the MB Spin Column, the super-

natant was mixed with Solution C4 (1,000 mL), vortexed (5 sec.), loaded onto the column and centrifuged (10,000 g, 1 min., RT). DNA

was washed in Solution C5 (500 mL) by centrifugation (10,000 g, 30 sec., RT, 2x). DNA was eluted in Solution C6 (50 mL) by centri-

fugation (10,000 g, 30 sec., RT) and stored at -80�C until further use.

Metagenomics: 16S amplicons production and sequencing
The 16S rRNA V4 region was amplified in triplicate by PCR following the EarthMicrobiome Project (http://www.earthmicrobiome.org/

emp-standard-protocols/). Briefly, the mix for each sample consisted of DNA (1 mL), water (9 mL), PCR Mastermix (5PRIME HotMas-

terMix-1000R #733-2474, 2x, 10 mL,), Primer_barcode (2 mM, 2.5 mL) and Primer_universal (2 mM, 2.5 mL). For samples extracted from

bacterial sorting (low biomass), 10 mL of DNA and no water were used. The PCR conditions were: 94�C (3min.); 35 cycles of 94�C (45

sec.), 50�C (60 sec.), 72�C (90 sec.); 72�C (10min.), 4�C (1 h) for 96 wells and 94�C (3min.); 35 cycles of 94�C (60 sec.), 50�C (60 sec.),

72�C (105 sec.); 72�C (10 min.), 4�C (1 h). After amplification, the triplicates of each sample were pooled (75 mL) and quantified with

Quant-iT� PicoGreen� dsDNA Assay Kit (Invitrogen�#P7589). Equal amounts of amplicons from each sample containing individual

barcodes were pooled (240-300 ng for low biomass) and cleaned (MoBio UltraClean PCRClean-Up Kit #12500). DNA purity and con-

centration were assessed using a spectrophotometer (NanoDropTM) and Qubit� dsDNA HS Assay Kit (Invitrogen�) #Q32854). DNA

library was prepared by denaturing with NaOH (0.2 M, 5 min., RT) and mixed with Illumina Phix (10-15%) to balance the nucleotide

representation.

Sequencing of the 16S rRNA region was done using custom primers from the Earth Microbiome Project that was adapted for the

Illumina MiSeq (MiSeq Reagent Kit v2, 500 cycle #MS-102-2003, Illumina) (Caporaso et al., 2010b; Zhang et al., 2014). The custom

primers were:

Read 1 primer (TATGGTAATTGTGTGYCAGCMGCCGCGGTAA), Read 2 primer (AGTCAGCCAGCCGGACTACNVGGGTWTC-

TAAT) and Index primer (AATGATACGGCGACCACCGAGATCTACACGCT). The denatured DNA library and the custom primers

were loaded on specific reservoirs on the MiSeq cartridge and sequenced on a 2x250 cycles run.

Metagenomics: sequences and operational taxonomic unit (OTU) Quality control
The raw sequencing reads obtained from IlluminaMiSeq were demultiplexed and quality filtered with SeqTK (v.1.2-r94) using q=0.01.

Filtered paired reads were merged with PEAR (v.0.9.6) (Zhang et al., 2014) using default parameters. Merged reads were then pro-

cessed using the QIIME package (v.1.9.1) (Caporaso et al., 2010b). Reads included had a quality score above 19, a median length of

250 bp, maximum 1mismatch on the primer and default values for other quality parameters. Quality filtered reads were clustered into

OTUs at 97% similarity using the default UCLUST (Edgar, 2010) method with an open reference approach. Subsequent taxonomic

assignment was performed using the UCLUST classifier against the Greengenes database (v.13.8) (DeSantis et al., 2006). Sequence

alignment and open-reference OTU picking (Rideout et al., 2014) were performed using the default Pynast (Caporaso et al., 2010a).

Tree building was done with (Price et al., 2010) and taxonomic assignment with the RDP classifier (Wang et al., 2007). Two extra

filtering steps were applied to taxonomy-assigned OTUs to remove outliers, eliminating sequences with less than a total of 10 counts

across all samples and sequences with more than 50 counts for 3 samples or less.

Metagenomics: downstream bioinformatics analyses
To calculate alpha-diversity measures, samples were rarefied to match the least abundant sample. Using QIIME 1.9.1 (Caporaso

et al., 2010b), the Chao1 and Shannon diversity measures were obtained for each sample and the mean of 10 independent rarefac-

tions was taken. To estimate the significance of differences of alpha-diversity, the Mann-Whitney-U test was used to compare two

groups and Kruskall-Wallis to compare multiple groups followed by Dunn post hoc test (Dunn, 1964) and Bonferroni correction was

done to estimate significance of pairwise differences. The Unweighted and Weighted UniFrac distances (Lozupone et al., 2011) be-

tween samples were calculated, Principal Coordinates Analysis (PCA) was performed and group significance estimated by using

PERMANOVA test to obtain a pseudo-F statistic and a p-value for the statistic. In the case of multivalued factors, PERMANOVA

was executed on all pairwise comparisons, followed by Bonferroni correction. Alternatively, the Mann-Whitney or Kruskall-Wallis

test were used to compare mean Unweighted and Weighted UniFrac distances between elements of different groups. Ellipses

are centered on the categorical averages of the metric distances with a 95% confidence interval for the first two coordinates of

each group, drawn on the associated PCA.

Linear discriminant analysis effect size (LEfSe) analysis (Segata et al., 2011) was performed to represent taxa distinguishing

different groups. Cladograms, generated from LEfSe analysis, represent taxa enriched in each genotype. The central point repre-

sents the root of the tree (Bacteria), and each ring represents the next lower taxonomic level (phylum through genus). The diameter

of each circle represents the relative abundance of the taxon.
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Splenic RNA extraction
Spleens were harvested and homogenized with a motorized pestle in ice-chilled TripleXtractor reagent (1 mL, Grisp). Chloroform

(200 mL) was added and the mix was shaken (15 s) and centrifuged (12,000 rpm, 15 min., 4�C). The aqueous phase was transferred

to a new eppendorf tube. The subsequent steps were performed using the NucleoSpin� RNA extraction kit (Macherey-Nagel) as per

themanufacturer’s instructions. The eluted RNAwas further purifiedwith RNeasy�MinElute�Cleanup Kit (Qiagen) and the quality of

the RNA was assessed using Fragment Analyzer.

Pan-IgG repertoire bulk sequencing
cDNA synthesis was performed essentially as described (Li et al., 2020) by mixing�700 ng RNA, oligo(dT) primers, 1 mL of 10 mM of

dATP, dCTP, dGTP and dTTP (Invitrogen). RNA samples were heated to 65 �C for 5 min, after which they were put on ice for a min-

imum of 1 min and in a second reaction step, 4 mL 5X first strand buffer (Invitrogen), 1 mL 0.1 M DTT (Invitrogen), 1 mL RNaseOUT

(Invitrogen) and 1 mL Superscript III RT enzyme (Invitrogen) were added to the reaction and incubated at 55 �C for 50min. The reaction

was terminated by heat inactivation at 70�C for 15 min followed by cooling at 4 �C. Samples were stored at �20 �C until further

processing.

Amplicon PCR for pan-IgG heavy chains was performed by mixing 5 mL of 103 PlatinumTaq PCR buffer (Qiagen), 1 mL of 10 mM

mixed dNTPs, 0.2 mL of PlatinumTaq DNAPolymerase (Qiagen), 1.5 mL of 50mMMgCl2, 1 mL of each 100-mM forward primer mix and

reverse primers with 5-ml template cDNA, in a total volume of 50 mL. The forward primers consisted of a degenerative mix of 19

different primers binding into FR1. Reverse primers were complementary to the constant region of each isotype. PCR products

were purified with the QIAquick Gel Extraction kit (Qiagen) according to the manufacturer’s instructions after loaded onto a 1.5%

(w/v) agarose gel. The purified DNA was tested for quality and quantity using a 2100 Bioanalyzer (Agilent) and Qbit (Thermofisher).

A second PCR was performed to attach sample indices and sequencing adapters using the Nextera XT Index Kit (Illumina). Subse-

quent sample sizes and quality were tested with a Fragment Analyzer (Advanced Analytical), normalized and libraries were pooled for

sequencing on the MiSeq Illumina sequencer in the paired 250-bp mode.

Pan-IgG repertoire sequencing and pre-processing
Antibody variable heavy-chain (VH) libraries were prepared and sequenced on the Illumina MiSeq platform (2 3 250 cycles, paired-

end) with 10% PhiX control library as described in (Li et al., 2020). The resulting FASTQ files were pre-processed (VDJ alignment,

clonotyping) using the MiXCR (v.2.1.12) pipeline (https://github.com/milaboratory/mixcr/). For downstream analyses, clones were

defined by 100% amino acid sequence identity of CDR3 regions and these regions were defined by MiXCR pipeline according to

the nomenclature of the Immunogenetics database (IMGT) (Lefranc et al., 1999).

Analysis of the clonotypes and quantification of repertoire diversity
The output obtained fromMIXCR pipeline was further processed using VDJtools post-analysis framework (available at https://github.

com/mikessh/vdjtools) to further analyze clonal diversity and frequency, segment usage and sample clustering on the basis of CDR3

abundance (Shugay et al., 2015). After frequency-based correction that eliminates erroneous clonotype, basic statistic of clonotype

diversity and segment usagewere calculated as visualized with heatmaps and rarefraction curves. Repertoire overlap wasmeasured

by calculating the geometric mean of relative overlap frequencies between variable segment use profiles or CDR3 amino acid

sequence use. The relative overlap similarity of clonotypes was analyzed and represented as hierarchical clustering on dendrogram

orMDSplots. Dendrogram uses a continuous scale in which the branch length represents the distance between repertoires and node

colors correspond to factor value. Testing clusters allows to identify whether a given factor (e.g. genotype) influences repertoire clus-

tering which assesses the compactness of samples with random 10,000 permutations that have the same factor level within and be-

tween samples. Pairwise overlaps are stacked, i.e. segment arc length is not equal to sample size. Jensen-Shannon divergence of

variable segment usage distributions was calculated for each samples andMann-Whitney-U test was used to check if the diversity is

different between genotypes.

Surface plasmon resonance (SPR)
The binding profile of purified IgG from eitherGgta1+/+ orGgta1-/-mice to recombinant FcgRIV was evaluated using surface plasmon

resonance (SPR) (Biacore X100, Cytiva). Briefly, biotinylated mouse FcgRIV (AcroBiosystems) was captured on a streptavidin (SA)

sensor chip at �150 resonance units (RU) according to the manufacturer’s instructions (Cytiva). Each purified IgG at different con-

centrations (0 to 150 nM in PBS) was injected at a flow rate of 30 mL/min. onto the immobilized SA chip for 3 min. and allowed to

dissociate for 10min. The signal obtained for each cycle was subtracted from that of a non-immobilized cell to generate sensorgrams

of the amount of bound IgG as a function of time. Regeneration of the matrix for each cycle was achieved with a short pulse of 10mM

Glycine, pH 1.5. The binding profile and EC50 of each variant were calculated using the BIAcore kinetic evaluation software.

Mathematical modeling: model structure and assumptions
The model computes the lifetime reproductive success of a typical host from a given genotype. To obtain the reproductive output

over lifetime, the birth rate at each age, B(a), was weighted by the survival probability, S(a), at that age, and integrated over the entire

lifespan. Denoting this lifetime reproductive success as fitness W, this quantity was formalized as follows:
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W =

Z Amax

0

BðaÞ3SðaÞda

where Amax is the maximum lifespan of a typical host. In the absence of infection, under the assumption of Type II survivorship (Pearl,

1928; Deevey, 1947) the survival probability over ages follows a simple exponential with rate equal to the natural host mortality rate

(m), which is assumed to be age-independent:

SðaÞ = e�ma

However, in the presence of exposure to infection, the survival probability becomes a weighted average between probability of

getting infected/exposed (E) and subsequently dying from infection, and the probability of escaping infection (1�E) and dying

from natural mortality. The parameter E denoting the lifetime infection risk in the range 0%E%1, constant over age, is assumed equal

for both genotypes and driven by the environment. Its influence on the survival function of a typical host from the first genotype was

formalized as follows:

SðaÞ = E3 e�mð1+ yÞa + ð1�EÞe�ma

where v is the fold-increase inmortality due to infection, an indicator of pathogen virulence. For example if v = 5, a typical infected host

will experience a 5-fold additional increase in mortality relative to an uninfected host per unit of time.

Protection of a second host genotype from infection wasmodeled through a factor q (0% q < 1), relative to the reference genotype,

reducing the fraction of hosts that experience infection-induced mortality. Motivated by the data, it was assumed that individuals

dying of infection experience the same mortality rate. Thus, the age-specific survival function of a typical host from the second ge-

notype is given by:

S0ðaÞ = qE3 e�mð1+ yÞa + ð1�qEÞe�ma

The protective effect is defined as p = 1�q, namely the relative gain in proportion survival of infected hosts in the second genotype

relative to the first. When comparing the two host genotypes (0/1) in terms of their lifetime reproductive success, their difference in

birth rate given byB0(a) for host genotype 0 andB1(a) for host genotype 1, was combinedwith their difference in survival given byS0(a)

and S1(a), accounting for infection. This led to the numerical comparison of W0 and W1:

W0 =

Z Amax

0

B0ðaÞ3
�
E3 e�mð1+ yÞa + ð1� EÞe�ma

�
da

W1 =

Z Amax

0

B1ðaÞ3
�
qE3 e�mð1+ yÞa + ð1� qEÞe�ma

�
da

With this model for lifetime reproductive output, the fitness ratio was given by:

W1

W0

which if above 1, indicates a relative advantage of host genotype 1, and if below 1, indicates an advantage of host genotype 0. The

selective advantage of 1 to 0 was then defined as:

s =
W1

W0

� 1

If s is positive (s > 0), the higher its value, the more host genotype 1 is favored by natural selection relative to host genotype 0.

Conversely, if s is negative (s < 0), then host genotype 1 suffers overall a fitness disadvantage relative to host genotype 0. Variation

in model parameters common to or different between the two host genotypes in corresponding survival/birth rate functions, leads to

explicit mathematical variation in s, and provides insights on biological conditions favoring selection.

Mathematical modeling: model application to the dataset
We numerically parameterized the model based on our study with laboratory mice, takingGgta1+/+ as reference host genotype 0 and

Ggta1-/- as host genotype 1. Natural lifespan was assumed to be 128 weeks (Kunstyr and Leuenberger, 1975), leading to a natural

mortality ratem=0.0078 per week. The survival data from the CLP experiments with the two genotypes (Figure 1A) were used for the

estimation of v (the fold-increase in mortality rate due to infection) and p (relative reduction in fraction of Ggta1-/- hosts that die of

infection). Since all mortality occurred within 2 weeks, it was assumed that this corresponds to all mortality due to infection in

each group, (1-0.676) for Ggta1-/-, and (1-0.089) for Ggta1+/+, leading to a relative protective effect of 64% (p=0.64). The infec-

tion-induced mortality via an additional factor v relative to natural mortality, was calculated as:

y = � lnð0:089Þ
2m

� 1

which in our particular case resulted in v=154, indicating substantial virulence. Our data support similar death kinetics in both ge-

notypes, motivating the same v parameter in their survival functions. While capturing the difference between genotypes with a single
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parameter p is appropriate and sufficient in our context, in other systems, v could also vary. Exposure to infection Ewas assumed to

be constant over age in this model. However, an age-dependent exposure E(a) could also be used, informed by empirical evidence or

theoretical assumptions. Increasing exposure risk differentially in younger ages should amplify the selection potential for protection

against infection. In contrast, increasing exposure risk in the post-reproductive period should reduce the selection potential for pro-

tection, given that host fitness would bemore strongly affected by the reproductive fitness cost in that case. In the current formalism,

epidemiological and co-evolutionary loops between host and pathogens were not modeled. The source of infection was assumed to

be environmental and not explicitly driven by transmission between hosts. Similarly, details of pathogen-immunity dynamics within

the host were not included. More complex modeling frameworks capturing such nested and bidirectional population feedbacks

(Gilchrist and Sasaki, 2002), were considered to be beyond the scope of the current work.

QUANTIFICATION AND STATISTICAL ANALYSES

All statistical tests were performed using GraphPad Prism Software (v.6.0). To assess differences in binding of purified IgG to each of

the Fcg receptors, C1q and Xi126 mAb to S. pneumoniae, the sigmoidal curves of the form:

a+ vmax

xh

xh + kh

where x is the concentration, to each of the OD curves, were fitted using least-squares regression. One initial fit to the aggregate data

was used to provide initial estimates to the fitting algorithm. Estimates for K (concentration at which OD is half-maximum) were

compared between Ggta1+/+ and Ggta1-/- IgG preparations or the Control and digested Xi126 mAb using Mann-Whitney-U tests

for differences in the median. Curve fitting and statistical tests were performed using scipy 1.2.1. All statistical details of experiments

including statistical tests, exact value of n, what n represents, definition of center, dispersion and precision measures are provided in

each figure legend.
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