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The systemic anti-microbiota IgG repertoire can identify gut
bacteria that translocate across gut barrier surfaces
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Abstract

Unique gut microbiota compositions have been associated with inflammatory diseases, but
identifying gut bacterial functions linked to immune activation in humans remains challenging.
Translocation of pathogens from mucosal surfaces into peripheral tissues can elicit immune
activation, although whether and which gut commensal bacteria translocate in inflammatory
diseases is difficult to assess. We report that a subset of commensal gut microbiota constituents
that translocate across the gut barrier in mice and humans are associated with heightened systemic
immunoglobulin G (IgG) responses. We present a modified high-throughput, culture-independent
approach to quantify systemic IgG against gut commensal bacteria in human serum samples
without the need for paired stool samples. Using this approach, we highlight several commensal
bacterial species that elicit elevated 1gG responses in patients with inflammatory bowel disease
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(IBD) including taxa within the clades Collinsella, Bifidobacterium, Lachnospiraceae, and
Ruminococcaceae. These and other taxa identified as translocating bacteria or targets of systemic

immunity

in IBD concomitantly exhibited heightened transcriptional activity and growth rates

in IBD patient gut microbiomes. Our approach represents a complementary tool to illuminate
interactions between the host and its gut microbiota and may provide an additional method to
identify microbes linked to inflammatory disease.

INTRODUCTION

Numerous studies have described alterations in the composition of the gut microbiota in
the context of disease states (1). However, shifts in relative abundance of gut microbes
may not indicate a causal role in pathogenesis. Defined members of the gut microbiota
can alter critical functions and exert dominant effects on the community irrespective

of their relative abundance (2, 3). Additional efforts to ascertain the impact of the gut
microbiota in disease beyond taxonomic relative abundance surveys include metagenomic,
metatranscriptomic, and metabolomic studies. However, functional assessment via these
approaches remains limited, because substantial proportions of protein-coding gut bacterial
genes have no assigned putative function (4, 5) and emergent functions of microbiota gene
networks in vivo remain poorly understood. Complementary methods to identify microbes
with defined behavior or properties would augment biomedical discovery, especially with
regard to microbial functions thought to contribute to disease.

Bacterial translocation from luminal spaces across mucosal barriers has been proposed to
contribute to numerous human inflammatory diseases including inflammatory bowel disease
(IBD), nonalcoholic steatohepatitis, cancer, HIV-associated comorbidities, obesity (6-9),
and responses to immunotherapy (10, 11) and chemotherapy (12, 13). Collectively, these
clinical and experimental observations point to bacterial translocation—and the ability of
microbes to engage systemic immunity—as a microbial function of relevance to disease.
Although advances have been made to identify bacteria in extramucosal internal organs
(14), availability of human tissues is limiting, and trace environmental contamination

can pose a challenge toward identifying microbes in low-biomass samples (15). On the
other hand, the capacity of the adaptive immune system to robustly respond to microbes
encountered beyond barrier surfaces could provide a unique opportunity to identify members
of the microbiota able to translocate into peripheral tissues and activate systemic immune
responses.

Antibodies to gut microbiota members can be quantified using culture-independent
molecular techniques (16—20). Such techniques have been successfully used to identify
mucosal immunoglobulin A (IgA) against microbiota members and have facilitated
identification of gut mucosal adherent bacteria able to spur inflammation in several disease
models (16, 17, 20). Secretory IgA is the predominant Ig class expressed at mucosal surfaces
and contributes to maintenance of mucosal homeostasis by hindering microbial access to
epithelia and promoting commensal bacterial colonization, among other functions (21-25).
In the setting of homeostasis, small intestinal resident bacteria comprise most gut microbial
targets of mucosal IgA, but mucosal IgA can also be preferentially elicited by ingested

Sci Transl Med. Author manuscript; available in PMC 2023 February 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vujkovic-Cvijin et al.

RESULTS

Page 3

toxins and gut mucosal adherent pathogens (16-18, 20, 26). Studies quantifying and
characterizing IgA-bound members of the microbiota underscore how immune responses
toward defined members can be a better predictor of microbiota localization or function
than shifts in relative abundance. How the presence of other classes of antibodies specific
to defined members of the microbiota might uncover privileged modes of interaction and
localization remains to be addressed.

Unlike mucosal IgA, systemic IgG is mounted preferentially during systemic inflammatory
challenges (27). Systemic 1gG antibodies are also characteristically induced after
translocation of both gastrointestinal pathogens, e.q., Trichuris trichiura (28), Entamoeba
hystolitica (29), Salmonella (30), and gut commensal bacteria, e.qg., Bacteroides fragilis
(31) and commensal Escherichia coli (32). Such responses have been shown to confer
protection from subsequent challenges as well as from heterologous microbial invasion
(32). Whereas commensal gut bacteria can induce systemic 1gG at steady state (33,

34), elevated relative systemic 1gG against a microbiota member may act as a marker

for identification of microbes with enhanced ability for translocation in the context of
disease. Whether microbiota member—specific systemic 1gG can be probed comprehensively
in a high-throughput and unbiased fashion to identify microbes with greater ability to
translocate and activate the immune system and whether such a technique can be effective
for identifying translocating microbes in humans remain open questions.

Here, we report that translocating murine gut commensal bacteria exhibit heightened
targeting by systemic 1gG as compared to non-translocating bacterial species. We
additionally present a method to quantify anti-microbiota IgG titers in human sera/

plasma samples with a surrogate human fecal community from individuals without paired
autologous stool, which can readily be applied to already-banked sera from previous human
studies. This approach revealed that confirmed translocator bacterial species in a human
cohort of patients with Crohn’s disease (CD) or ulcerative colitis (UC) exhibited heightened
targeting by systemic IgG.

Comparison of human anti-microbiota mucosal IgA and anti-microbiota systemic IgG

We first assessed whether systemic IgG targets different bacteria than those targeted

by mucosal IgA. To this end, serum samples and autologous fecal samples from a

healthy human cohort were profiled for systemic 1gG (1gG-seq) and mucosal IgA (IgA-
seq) reactivities using magnetic bead-based separation and 16S ribosomal RNA (rRNA)
sequencing of 1g-bound and unbound fecal bacteria (#= 12 individuals; Fig. 1, A and B, and
fig. S1). 1gG and IgA scores were calculated as log ratios of taxon abundances in the bound
and unbound fractions. Whereas concordance was evident between IgG and IgA scores,
several gut bacterial taxa exhibited greater than 10-fold differences in 1gG scores compared
to IgA scores (Fig. 1C), indicating differential targeting of taxa by these two Ig classes.
Among these differentially targeted taxa, IgA scores correlated more strongly with baseline
fecal relative abundances than did IgG scores (Fig. 1, D and E) in our small human cohort,
suggesting that bacterium-intrinsic properties independent of the capacity to numerically

Sci Transl Med. Author manuscript; available in PMC 2023 February 17.
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dominate the gut influence the elicitation of bacterium-specific systemic 1gG more so than
mucosal IgA.

Anti-microbiota systemic IgG identifies translocating, proinflammatory bacteria in mice

To better understand the genesis of this heterogeneous bacterial-specific targeting by
systemic IgG, we sought to test the hypothesis that systemic IgG reactivity is enriched

in specificities directed toward translocating, proinflammatory bacteria. To test this, we used
Toxoplasma gondii, a well-described model of mucosal infection that is associated with both
microbial translocation and increased reactivity toward the microbiota (35, 36). To identify
viable microbiota constituents that preferentially translocated across the gut barrier during
T. gondii infection, mice were orally infected with 7. gondiiand peripheral organs (liver
and spleen) were subjected to bacterial culture and identification. A separate group of mice
were infected with 7. gondii and the Ig repertoires were allowed to form over 4 weeks, after
which IgA-seq and 1gG-seq were performed (Fig. 2A). Gut bacteria that were reproducibly
cultured from peripheral organs (among two or more independent experiments, i.e., with a
“translocation index” = 2) exhibited differences in IgG scores within mice experiencing 7.
gondi~induced breach of the gut barrier as compared to uninfected mice (Fig. 2B and table
S1). This observation was not evident when examining mucosal IgA (Fig. 2B), suggesting
that elevated 1gG could be a potential marker for translocating microbes. Furthermore, when
administered to mice before 7. gondiiinfection, IgG-targeted bacteria elicited heightened
markers of blood T cell activation compared to bacteria that were not differentially targeted
by 1gG in 7. gondii-infected mice (fig. S2, A to D), suggesting that 1gG-targeted bacteria
could have proinflammatory properties.

The relative concordance between the mucosal IgA and systemic IgG anti-microbiota
repertoires in our cohort of healthy individuals (Fig. 1), which was consistent with previous
reports (19, 34), prompted us to examine relationships between these two repertoires under
conditions of homeostasis and disease. Gut barrier disruption and chronic inflammation

as induced by 7. gondiior Yersinia pseudotuberculosis, a bacterial pathogen that induces
bacterial translocation (37), caused divergence of the systemic 1gG and mucosal IgA
repertoires compared to uninfected healthy mice (P=0.013 for 7. gondiimodel and P=
0.093 for Y. pseudotuberculosis, fig. S2E).

A surrogate fecal community for profiling human serum samples for microbiota reactivity

Mice and humans exhibit substantial differences in gut microbiota composition, and key
immunomodulatory gut bacteria found in mice are absent in humans (38, 39). This
highlights the importance of developing scalable research tools that can be applied to human
samples using readily available sample sources. Availability of paired serum and stool
samples is limited. To overcome this important hurdle, we developed a modified 1gG-seq
procedure using human serum samples in conjunction with a surrogate fecal community
(SFC), which was used in place of autologous paired stool (Fig. 3A). This SFC was designed
to contain the greatest number of unique bacterial taxa possible from a combination of stool
samples derived from healthy donors to ensure probing the greatest number of taxa for
serum IgG reactivity. This was accomplished by first applying 16 SrRNA sequencing to 40
healthy human volunteer stool samples. The combination of stool samples that yielded the

Sci Transl Med. Author manuscript; available in PMC 2023 February 17.
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community with maximal diversity was subsequently calculated using Monte Carlo—based

in silico modeling (fig. S3A). Fifteen healthy human volunteer stool samples were then
combined and used as the SFC for subsequent analyses. The resulting SFC encompassed 8
phyla, 13 classes, 17 orders, 33 families, 84 genera, and 1876 unique amplicon sequence
variants (ASVs) of human gut bacteria (fig. S3B). Human serum samples were incubated
with this SFC, and 1gG-unbound taxa were removed by magnetic bead—based separation
(fig. S4, A and B). When comparing 1gG scores using the SFC (by the SFC-1gG-seq
method) to IgG scores obtained using paired serum and stool samples (by the 1gG-seq
method) in the same cohort, there was significant, nonrandom concordance between the two
methods (two-sided ztest 2= 4.37 x 1079, fig. S4, C and D) that was unlinked to total
serum IgG (fig. S4E). Furthermore, 1gG scores derived from SFC-1gG-seq were compared to
bacterium-specific serum IgG quantities, as quantified by a flow-based assay performed on
pure cultures of a bacterial isolate (40). Relative concordance between the two measures was
described when assessing 1gG against Megasphaera massiliensis when the bacterium was
cultured in vitro (= 0.034, Spearman rho = 0.32; fig. S4F). Stronger concordance between
M. massiliensis SFC-1gG-seq scores and antibacterial 1gG was found when bacteria were
obtained from feces of gnotobiotic mice monocolonized with M. massiliensis compared to
M. massiliensis cultured in vitro (P= 0.000051, Spearman rho = 0.58; fig. S4E). This was

in agreement with observations that certain cell surface microbial antigens are expressed
preferentially in vivo and suppressed in vitro (23, 41).

Antimicrobiota systemic IgG identifies translocating bacteria in the human gut microbiota

To understand whether systemic IgG could be useful as a marker to facilitate identification
of translocating gut bacteria in humans, we applied SFC-1gG-seq to a cohort of patients with
IBD who underwent ileal or colonic surgical resection and to a cohort of healthy controls
(patient characteristics in tables S2 and S3). Mesenteric adipose tissue from patients with
IBD was subjected to bacterial culture as a way to identify taxa that had translocated

across the gut barrier and entered the mesentery (Fig. 3B) (42). Recovered bacterial

isolates were identified by full-length 16 STRNA sequencing, as previously reported (42).
Translocating bacteria that were isolated from mesenteric adipose tissue from more than
four individuals were considered for downstream analyses. We sought to test whether the
translocation of such bacteria in a given individual was associated with heightened cognate
systemic IgG responses. We compared IgG scores for patients with IBD for which bacterial
translocation was confirmed by culture to 1gG scores for patients with IBD for whom
bacterial translocation was not observed. When aggregating data for translocating bacteria,
a significant increase in 1gG scores was seen in translocation-positive individuals compared
to translocation-negative individuals (P = 0.0268; Fig. 3C). Given that IBD disease exhibits
dynamic and fluctuating severity within individuals over time, it is possible that the time

of mesenteric sampling missed some bacterial translocation events. Thus, we analyzed 1gG
score dynamics for translocating bacteria among a third control group of healthy individuals.
We observed a significant stepwise increase in 1gG scores among these healthy participants,
translocation-negative patients with IBD, and translocation-positive patients with IBD (P

= 0.00015; Fig. 3C) when considering all translocating bacteria. Individual translocating
bacterial taxa that exhibited significant linear increases in 1gG scores from healthy, to IBD
translocation-negative, to IBD translocation-positive individuals included Bifidobacterium

Sci Transl Med. Author manuscript; available in PMC 2023 February 17.
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longum, Collinsella aerofaciens, and Bacteroides vulgatus (P = 0.00062, 2= 0.00072,

and P=0.014, respectively; fig. S5). To understand whether mucosal abundance alone
explained heightened 1gG scores for detected taxa, we examined correlations between IgG
scores and mucosal relative abundances, as detected by 16 SrRNA profiling of mucosal
biopsies from the same cohort of individuals with IBD. Such correlations were generally
weak and exhibited a random distribution (fig. S6A), supporting the idea that IgG scores

are nonredundant with gut mucosal relative abundance. Small intestinal residency of a gut
bacterium may be sufficient to induce mucosal IgA (18). Thus, we examined whether the
presence of each taxon at the mucosa, assessed by 16 S rRNA gene sequencing of intestinal
biopsies, affected observations of heightened systemic IgG in translocation-positive patients
with IBD. When examining only those individuals with a detectable mucosal presence

of a given translocating bacterium, the observation that translocating bacteria exhibited
heightened IgG scores in patients with IBD with confirmed bacterial translocation compared
to patients with IBD without bacterial translocation remained evident (P= 0.0142; fig. S6B).

The antimicrobiota systemic IgG repertoire differs between patients with IBD and healthy

controls

IBD, which encompasses CD and UC, is characterized by breach of the gut barrier and
immune activation. This immune activation is a critical driver of disease progression and

is thought to be stimulated and amplified by the gut microbiota. Proportions of fecal
bacteria that are endogenously coated with 1gG are heightened in both CD and UC (43—
47), and this measure correlates strongly with disease activity (48, 49). However, the
specific identities of 1gG-targeted bacteria in IBD and what such 1gG targeting of gut
microbiota constituents may indicate with regard to gut bacterial functions remain poorly
understood. Consistent with previous observations (43—-49), our analysis revealed that a
greater proportion of bacteria in the SFC was targeted by IgG in IBD serum compared

to serum IgG from healthy controls (Fig. 4A). Using SFC-1gG-seq, we examined 1gG
targeting of all detectable taxa within the SFC, first comparing total antimicrobiota I1gG
repertoires between groups. Antimicrobiota IgG repertoires of patients with IBD clustered
separately from those of healthy individuals [ 2= 0.0056, permutational multivariate analysis
of variance (PERMANOVA); Fig. S7A], a finding that was robust for both CD and UC
separately (P=0.011 and P=0.026, respectively, PERMANOVA, Fig. 4, B and C). This
segregation by antimicrobiota 1gG repertoires was independent of concurrent medications,
physiological factors, and lifestyle factors when examining all individuals (table S4).
Numerous specific taxa were found to be preferentially targeted by IgG in serum samples
from patients with CD and patients with UC compared to serum from healthy controls

(Fig. 4, D to F). Lachnospiraceae and Ruminococcaceae members were among the principal
targets of systemic 1gG in sera from patients with IBD by both nonparametric (Fig. 4,

D to F) and compositional statistics (fig. S7B and table S5). Systemic IgG responses
mounted against microbial antigens can have cross-reactivity against structurally related
antigens such as those from phylogenetically related taxa (32). Such off-target responses
are typically weaker than those directed at the immunogen (50, 51), and thus, taxa with the
greatest group-wise differences in 1gG scores are more likely to be true targets of 1gG. Such
taxa included those that had confirmed culture-positive translocation in patients with IBD
(B. longumand C. aerofaciens) and others that had more fastidious culture requirements

Sci Transl Med. Author manuscript; available in PMC 2023 February 17.
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but exhibited robust differences in 1gG scores (Faecalibacterium prausnitzii and Blautia
wexlerae; Fig. 4, G to J). Antimicrobiota IgG repertoires segregated patients with CD from
controls more strongly than patients with UC from controls (F=2.121 versus F=1.78; Fig.
4, B and C). In line with this observation, most taxa that differed in their IgG scores between
patients with CD and patients with UC exhibited heightened IgG scores in patients with CD
(fig. S7C), suggesting heightened IgG targeting of gut microbiota members in CD compared
to UC.

Gut microbe transcriptional activity and growth rates are increased for translocating taxa
targeted by IgG

Efforts to characterize bacterial functions in human microbiome studies include the
assessment of human gut commensal bacterial growth rates using metatranscriptomics and
metagenomics. Such studies have revealed differences in proliferative activity of specific
taxa in healthy individuals compared to individuals with different diseases (52). However,
the behavior of bacteria that exhibit differential growth patterns and whether such bacteria
engage in privileged interactions with their host remain poorly understood. We focused on
CD, given greater IgG profile differences, and data were examined from the longitudinal
integrative Human Microbiome Project (iIHMP) consortium (53). Taxa were ranked by the
strength of correlation between the extent of gut dysbiosis in patients with CD and the
overall transcriptional rate (RNA/DNA ratio) of each taxon (Fig. 5A), a measure that has
been linked to bacterial activity (54) and growth rate (55). Taxa whose transcriptional

rate correlated with dysbiosis overlapped with taxa identified by 1gG-seq (in Fig. 4D) or
identified as translocating species after culture (in Fig. 3B). Specifically, in the iIHMP
dataset, we examined taxa that we confirmed as translocating species in our cohort
(highlighted in yellow, Fig. 5), taxa that exhibited heightened IgG scores in sera of our
patients with CD (purple, Fig. 5), and taxa that were both confirmed translocators and
exhibited heightened 1gG (red, Fig. 5). Several taxa that fell within these three categories
were represented among the top 10 taxa whose transcriptional rate (RNA/DNA ratio)
correlated most closely with dysbiosis in the iIHMP dataset (Fig. 5A).

Bacterial growth rates can be inferred from metagenomic sequencing studies via the
quantification of peak-to-trough ratios (PTR), which measure the ratio of reads near a
bacterial origin of replication compared to reads at the replication terminus (52, 56). In

two independent cohorts of CD and healthy individuals from separate continents (57, 58),
we compared bacterial growth rates of all detected gut taxa between CD and healthy
individuals. Concordant with the analysis of bacterial activity by transcription rate, several
taxa that were translocating species or exhibited heightened 1gG in our cohort of patients
with CD overlapped with those exhibiting increased bacterial growth rates assessed by PTR
(Fig. 5, B and C). B. longum, which was a prominent translocator and target of systemic IgG
in our IBD cohort, exhibited higher bacterial activity/growth rates in all three independent
datasets queried (Fig. 5, A to C). C. aerofaciens was also a prominent translocator and target
of systemic 1gG and showed higher activity/growth rates in two of three datasets (Fig. 5, A
and B). 7Tyzzerella nexilis, a confirmed translocator in our IBD cohort, was also among the
top species exhibiting higher growth rates in two of three datasets (Fig. 5, B and C).

Sci Transl Med. Author manuscript; available in PMC 2023 February 17.
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In comparison to analyses examining differential bacterial growth rates in CD compared

to healthy individuals, relative abundance analyses yielded lists of differentially abundant
taxa that had comparatively less representation of translocators and bacterial targets of 1gG
(Fig. 5, D to F). Taxa that were confirmed translocators or exhibited heightened systemic
IgG in CD were rarely identified by differential abundance analyses (seven instances) and
exhibited mixed directional results with nearly equal numbers of taxa being enriched in

CD as enriched in healthy controls (Fig. 5H). On the other hand, when examining the

top taxa with differences in bacterial growth rates between patients with CD and healthy
controls, bacteria that were translocators or exhibited higher 1gG scores were represented

in 15 instances, with 14 of 15 exhibiting uniformly higher bacterial growth rates in CD

(Fig. 5G). Thus, translocators and proinflammatory gut bacteria in our CD cohort were more
represented among the taxa identified by differential bacterial growth rate analyses than
those by relative abundance analyses (P = 0.032, XZ test) when comparing patients with CD
to healthy controls. This was also evident when examining the taxa among the three studies
filtered by Pvalue (P < 0.05, Mann-Whitney test) and Benjamini-Hochberg false discovery
rate (Qvalue < 0.05; fig. S8). By these two data filtration criteria, bacterial activity/growth
rates had greater consistency in identifying 1gG-targeted or translocating bacteria than did
increases in relative abundance (£ = 0.00083 for Pvalue cutoff and A= 0.033 for Q value
cutoff, by Fisher exact test). There was also a proportional enrichment for 1gG-targeted or
translocating bacteria in the lists of taxa with differential growth rates as compared to taxa
with differential abundance (P = 0.00016 for Pvalue cutoff and A= 0.019 for Q value cutoff,
by Fisher exact test). These data suggest that heightened bacterial activity/growth rate in CD
is a trait that overlaps with heightened bacterium-specific 1gG responses and the functional
capacity of microbes to translocate across the gut barrier.

DISCUSSION

Here, we report that increases in gut commensal bacterium-specific systemic IgG were
observed for bacteria that had translocated across the gastrointestinal tract in mice and
humans. We show that profiling of the antimicrobiota systemic 1gG repertoire could be
leveraged to identify translocating bacteria in the context of human disease. We found that
gut bacterium-targeted systemic IgG and mucosal IgA repertoires diverged in the setting

of gut barrier disruption and that the systemic 1gG repertoire shifted toward translocating
gut bacteria and taxa that can be proinflammatory in the setting of gut barrier disruption.

In both UC and CD, heightened systemic IgG responses were detectable against several
gut taxa including those within the Bifidobacterium, Collinsella, Faecalibacterium, and
Blautia genera, suggesting preferential translocation of these taxa in IBD. As bacterial
translocation in immunocompetent hosts is met with immune activation, the principal
driver of IBD pathology, this microbial activity may be relevant to disease progression

and translocating bacteria could represent a viable therapeutic target. High Collinsellaand
Bifidobacterium spp. abundance has been associated with a positive response to anti—-tumor
necrosis factor therapies, suggesting a link between these bacteria and this pathologic innate
inflammatory pathway (59). Furthermore, increased Collinsella was uniquely associated
with the likelihood of developing severe, penetrating disease in a pediatric CD cohort (60).
Bifidobacterium adolescentis induces small intestinal T helper 17 (Ty17) cells (61, 62)

Sci Transl Med. Author manuscript; available in PMC 2023 February 17.
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and B. longum potently induces type 3 innate lymphoid cells in the small intestine (61),
cell types implicated in IBD pathology (63, 64). In our small cohort, patients with CD
exhibited greater 1gG targeting of gut commensals than did patients with UC. Taxa with
heightened IgG responses in patients with CD or those detected as translocating across the
gut barrier in CD also exhibited greater activity and proliferation across three independent
metagenomic and metatranscriptomic datasets, suggesting a link among increased overall
bacterial activity, capacity for translocation, and targeting by IgG.

Not all translocating bacteria in our study were associated with increased bacterium-specific
IgG in sera from patients for which bacterial translocation was confirmed. It is possible that
such gut bacteria have evolved immune evasion strategies (65) or that they may translocate
over the lifetime of a healthy individual to a sufficient extent that a plateau of maximal
specific IgG was induced in both cases and controls. Enterobacteriaceae have been found

in mesenteric lymph nodes of both healthy controls and patients with IBD (66, 67), which
may explain why those with verified translocation of £. co/i did not exhibit heightened

1gG scores for E. coli compared to those without verified £. colitranslocation. Alternately,
induction of IgG against a specific bacterial strain that shares its V4 16 SrRNA sequence
with other nonimmunogenic strains may limit capacity of 165 sequencing-based 1gG-seq
methods to identify preferentially 1gG-targeted taxa. This may also be the case for E. col,

a species that includes numerous nonpathogenic commensal strains in humans and invasive,
highly inflammatory strains that share the same V4 16 STRNA sequence. Thus, a lack of
increased 1gG against £. coli and other taxa may be due to insufficient resolution of V4 16 S
rRNA sequencing, preventing disambiguation of commensal £. coli from related pathogenic
taxa. The observation of nonzero IgG targeting of a bacterium also does not necessarily
denote translocation. Commensal microbiota members can induce antigen-specific 1gG

at steady state, independently of confirmed translocation as in the case of Akkermansia
muciniphila (33). Accordingly, we observed that serum 1gG repertoires bound to large
proportions of the gut bacterial community even in healthy humans. Approaches such as
SFC-1gG-seq, which involve comparison of antimicrobiota IgG repertoires in those with
gut barrier disruption compared to controls without presumed bacterial translocation, are
likely to help discern steady-state 1gG production against a bacterium from that of 19G
mounted in response to bacterial translocation. Such systemic IgG may not only serve as a
defense against future bacterial translocation events but also play an as-yet undefined role
in the host-microbiota relationship including mutualistic effects. Further characterization

of antimicrobiota antibody repertoires may help to illuminate the basis of the privileged
modes of interaction that 1gG-targeted bacteria may have with their host, which may be of
particular importance in the setting of inflammatory disease.

Although we specifically examined mice and humans with major gut barrier disruption, low-
affinity T cell-independent IgA and 1gG that are broadly reactive to most gut commensal
microbes have been observed during health and immune homeostasis (18, 19). Such
homeostatic responses may be induced by qualitatively different host-microbe interactions
than those highlighted in the present study. Group comparisons between individuals with gut
barrier disruption and healthy individuals may allow discrimination of bacteria associated
with IgG responses that surpassed the threshold for homeostatic antibody induction.
Examination of different antibody isotypes and multimerization states may facilitate finer
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discrimination of different modes of host-microbial interactions. For example, serum IgA,
which differs structurally from secretory IgA expressed at the mucosa, is robustly induced
by systemic inflammatory stimuli (68, 69) such as serum 1gG and can also protect from
lethal bacteremia (70). Further investigation into the role of secretory compared to serum
IgA is warranted and may provide another lens by which to understand host-microbe
immune relationships. In addition, we observed that the antimicrobiota mucosal IgA and
systemic IgG repertoires were largely concordant in mice during homeostasis, mirroring
results of previous studies (19, 34). Inflammatory stimuli that disrupt the gut barrier and
promote chronic inflammation (7. gondiiand Y. pseudotuberculosis) caused a divergence
in the mucosal IgA and systemic 1gG antimicrobiota repertoires, with the 1gG repertoire
becoming skewed toward microbes that had translocated in our murine experiments.
Whether the same occurs in humans who experience gut barrier disruption and whether
antibody isotypes differ in their interrelationships remain to be elucidated.

Mucosal IgA induction can promote a mutualistic host-microbial relationship by limiting
pathogenic functions such as motility (41) and by inhibiting expression of pathogenesis-
associated macromolecular structures such as hyphae (71) and flagella (72). In contrast to
the healthy state, patients with IBD exhibit antimicrobiota 1gG present in the gut lumen (43—
47), and thus, it is possible that systemic 1gG directly modulates gut bacterial functions in a
mutualistic manner analogous to IgA in that setting. On the other hand, 1gG-opsonized gut
microbes can spur colitis as a result of an imbalance in activating Fc receptors on myeloid
cells (49), and thus, even such host-mediated mutualistic pruning of bacterial function

may contribute to inflammatory pathology. Given our observation of 1gG targeting of
Lachnospiraceae members, which have been associated with protection from colitis (73, 74),
possible proinflammatory properties of some IgG-targeted bacteria may be outweighed by
their beneficial effects. Such beneficial effects may include production of short-chain fatty
acids, a metabolic function that is highly enriched among Lachnospiraceae (75) and induces
anti-inflammatory regulatory T cells (76, 77). Whereas our data support the hypothesis that
elevated systemic 1gG against a gut bacterium can be indicative of certain bacterial functions
(i.e., propensity to translocate), whether such functions dominantly contribute to disease
remains to be explored. Further mechanistic work to better understand the complex role of
such bacterial functions, and resulting host immune responses to these functions, in disease
is warranted.

There are a number of limitations to our study. Limitations to profiling Ig reactivities as

a method to identify biologically relevant microbiota constituents include the phenomenon
of cross-reactivity. In the context of systemic immune engagement with a translocating
microbe, cross-specific antibody induction may occur and contribute to elevation of IgG
against structurally related antigens such as those from phylogenetically related taxa that
did not translocate. In studies examining such processes, systemic antibodies exhibit greater
propensity for binding to the primary immunogen than to heterologous antigens (78, 79).
Thus, we placed emphasis on the top taxa exhibiting differential 1gG scores between

cases and controls with the expectation that the true immunogen would have increased
IgG targeting and that taxa targeted by nonspecific cross-reactive antibodies would have
comparatively smaller differences in 1gG scores between cases and controls. Through the
intentionally designed microbial complexity of the SFC, we attempted to maximize the
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likelihood that the original immunogen was present in this community and, thus, that the
relevant IgG targets could be identified. However, the immunogen may be expressed by

an especially rare taxon or one absent from the SFC, and thus, possible cross-reactivity
without detection of the original immunogen-bearing taxon cannot be ruled out. This may be
especially so for Enterobacteriaceae members, a clade that is composed of both pathogens
and commensals. We did not include feces from individuals with infectious gastrointestinal
disease in our SFC, making it unlikely that our SFC facilitates measurement of IgG titers

to bona fide pathogens that may be the original immunogens of some cross-targeted taxa.
Recent peptide array—based serum 1gG repertoire profiling advances are likely to overcome
such limitations, in that they can quantitate 1gG against peptide epitopes of common
pathogens (80). Our approach benefits from quantifying IgG against microbial antigens
because they are seen by the immune system in vivo, with complex tertiary and quaternary
structure as well as glycan and glycolipid moieties, and a combination of such approaches is
likely to yield new insights. Furthermore, 1gG targeting of taxa in severe IBD as performed
in our study may be the result of bystander inflammation that is secondary to disease-related
inflammatory pathology. Thus, elevated IgG against a microbe cannot be definitive evidence
for translocation of that bacterium or for proinflammatory potential but, instead, may aid in
narrowing the list of microbes with these suspected properties in a given condition. Last,
genetic risk alleles associated with IBD may alter 1gG responses to gut microbes, and thus,
the observation of heightened or lowered IgG responses in a disease may reflect underlying
genetic differences as opposed to differences in levels of bacterial translocation.

The method developed in the present study to identify bacteria targeted by systemic 1gG
yielded information that was nonredundant with that of relative abundance comparisons,
providing an additional tool in the pursuit of identifying causally related microbiota
constituents in disease. Specifically, quantifying 1gG against gut microbiota members using
the 1gG-seq technique as presented herein facilitated the identification of gut bacteria that
harbored the discrete function of having translocated across the gut barrier. Comparing

1gG scores for all gut bacteria between healthy controls and patients with IBD revealed a
repertoire of antimicrobiota immune responses that was unique to IBD, highlighting taxa
with privileged modes of interaction with host immunity in this disease. Future examinations
comparing patients with CD to patients with UC in larger, balanced cohorts and patients
with CD with disease localized to different parts of the gut are likely to yield insights into
unique host immune-microbiota relationships as a function of disease type. Furthermore,
our population of patients with IBD exhibited severe manifestations of disease, requiring
surgical interventions. Thus, examination of patients with IBD across a spectrum of disease
severity will reveal whether gradations of IgG titers against the specific taxa identified here
may manifest differently depending on disease severity and putative disease subtypes.

The SFC-1gG-seq technique using an SFC as presented here can be used on existing

serum samples to identify gut microbiota members that may translocate across the gut
barrier in human inflammatory disease, without the need for stool sampling. Using a

single combined stool substrate per participant obviates variability in comparative gut
microbiota studies that is inherent to human stool, including intraindividual temporal
variability and intrafecal spatial variability (81). Thus, examining immune responses to a
fixed SFC can reduce noise attributable to certain sources of variability in human microbiota
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studies. Mining host immune memory to better understand microbiota member function and
behavior as presented here may help to illuminate therapeutic targets for the amelioration of
immunopathology.

MATERIALS AND METHODS

Study design

The objective of this study was to investigate whether antimicrobiota antibodies can yield
biological information about gut bacterial functions relevant to human disease. Focusing
on bacterial translocation as a bacterial function of interest, murine experiments were
performed in which translocation of gut commensal bacteria was experimentally induced
using infections with 7. gondiiand Y. pseudotuberculosis. Human antimicrobiota antibody
responses in the form of mucosal IgA and systemic 1gG were investigated using human
fecal and plasma samples from healthy volunteers. To investigate the effects of bacterial
translocation on human antimicrobiota systemic 1gG repertoires, serum from patients with
IBD who underwent surgical bowel sampling and bacterial translocation characterization
was queried.

Mice were male C57BL/6J-CD45a(Ly5a) obtained from Taconic Biosciences, ages 3to 7
weeks, and each experiment used mice of the same age and shipment. Experimental groups
were randomly assigned but without investigator blinding. Murine experiments were each
performed on three independent occasions, and animals were only excluded in the case of
failed 16 STRNA amplification of both positive and negative fractions of 1gG-seq or IgA-seq
experiments.

Each SFC-l1gG-seq participant sample was assayed in duplicate; two wells of SFC were
incubated with each human participant plasma sample and were processed as described
below. Human serum samples for SFC-1gG-seq were randomly distributed throughout

the 96-well plate so as to minimize possible sources of bias. The initial healthy human
cohort (7= 12) with paired serum and stool samples was used for discovery purposes to
examine differences between antimicrobiota IgA and 1gG profiles and was obtained from
the Consortium for the Evaluation and Performance of HIV Incidence Assays (CEPHIA)
of the University of California, San Francisco. The subsequent human cohort (/7= 38) with
only serum samples was used to address the hypothesis that translocating bacterial species
could be identified by their 1gG titers and included healthy individuals and patients with
CD or UC. Human serum samples were from the Cedars-Sinai Medical Center. All study
participants provided informed consent for participation in research as part of the ongoing
MIRIAD (Material and Information Resources for Inflammatory and Digestive Diseases)
Biobank program of the F. Widjaja Foundation Inflammatory Bowel and Immunobiology
Research Institute (Institutional Review Board no. 3358). Blinding was not performed, and
investigators were aware of the bacterial translocation metadata for serum samples so as to
perform the analyses described.

Sci Transl Med. Author manuscript; available in PMC 2023 February 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vujkovic-Cvijin et al.

IgA-seq and

Page 13

IgG-seq on paired human serum and stool samples

Stools and sera from 12 healthy human donors who provided informed consent were
obtained, and IgA-seq and 1gG-seq were performed simultaneously (referring to data shown
in Fig. 1). Sera were heat-inactivated at 56°C for 35 min to block complement activity

and were diluted to 1:500. Stool (200 mg) was weighed on dry ice and resuspended in

1% bovine serum albumin (w/v) in phosphate-buffered saline (PBS), a solution used for

all subsequent staining, washing, and resuspension steps. Suspensions were centrifuged at
200 relative centrifugal force (rcf) for 1 min to pellet food particles. Each sample input

was adjusted to have equivalent ODggq (optical density at 600 nm), and five separate
aliquots were taken: two to be incubated with serum for IgG-seq, two for mucosal IgA-seq
(without serum incubation), and one for pre-enrichment 16 SrRNA sequencing. One aliquot
from each pair of aliquots was used for isotype staining, whereas the other was used

for downstream fractionation and analyses. Aliquots for 1gG staining were incubated with
paired sera from the same individual for 30 min at 4°C. Samples were washed, with all
centrifugation steps being performed at 8000 rcf for 3 min. Serum-incubated samples were
stained with anti-1gG phycoerythrin (PE) (1:50 dilution; Miltenyi Biotec, #130093193) and
SYTO-62 (1:500 dilution; Invitrogen), which stains bacterial cells, and samples for IgA-seq
were stained with anti-1gA PE (1:40 dilution; Miltenyi, #130093128) for 20 min at 4°C.
Aliquots of each stained sample were taken for flow cytometry assessment of quality of
staining. Flow cytometry was performed on an LSRII (Beckton-Dickinson) machine with
thresholds set to 200 on the side-scatter parameter to facilitate capture of bacterial events.
Total 1gG concentrations in serum samples were quantified using the IgG Human ELISA Kit
(Invitrogen, #BMS2091).

Samples were then subjected to magnetic column-based separation using anti-PE
microbeads (Miltenyi, #130-048-801) at a concentration of 1:20, and subsequent steps
were followed as per manufacturer protocol, and the 1g eluate was collected and spun by
centrifugation to remove excess buffer before freezing. To increase the degree of 1g* cell
enrichment, the Ig* fraction was subjected to additional column enrichment. The column
used for the first enrichment was washed by passing ethanol through the column with

a plunger followed by PBS, and the Ig* sample was then applied, and the manufacturer
protocol was again performed. The final Ig* fraction was centrifuged, excess buffer was
removed, and the pellet was frozen for downstream processing.

DNA was extracted from samples using the MagAttract Power-Microbiome DNA/RNA
Kit (QIAGEN). Amplification of the V4 16 STRNA gene (primers 515f and 806r)

was performed in accordance with the Illumina-recommended protocol, and amplicons
were purified using AMPure XP beads (Beckman Coulter), quantified using the KAPA
Quantification Kit (Roche), and pooled at equimolar concentrations. Pooled libraries were
sequenced on a MiSeq instrument (lllumina).

Sequencing analysis was performed as follows: ASV tables were constructed using Dada2
(82) in the R programming environment. ASVs with fewer reads than 0.01% of total reads
and those detected in fewer than 10% of samples were filtered out. ASV tables were rarefied
at 11,000 sequences per sample. IgA and IgG scores were calculated as the logyg ratio
counts of each taxon in the Ig-bound microbial fraction over the counts in the Ig-unbound
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microbial fraction. To understand the basis of differences in IgA targeting or 1gG targeting
of ASVs, ASVs that exhibited greater than 10-fold differences in IgA versus 1gG scores
were selected. Analyses were further confined to taxa that had nonzero targeting by Igs by
selecting ASVs with average Ig scores greater than zero across all individuals. 1gG or IgA
scores for each resulting ASV were then compared to baseline pre-enrichment ASV relative
abundances across all individuals using Spearman correlation tests (R package “Hmisc”).

T. gondii infection of mice

An ME-49 clone of 7. gondii transfected with red fluorescent protein was obtained from

M. Grigg [National Institute of Allergy and Infectious Diseases/National Institutes of Health
(NIAID/NIH)], which was used for cyst production in wild-type C57BL/6 mice and for cyst
quantification via fluorescence microscopy. Tissue cysts were obtained from brains of orally
infected mice, were physically dissociated via repeated passage through 19-gauge needles,
and were resuspended in PBS. Experimental mice were infected with eight cysts via oral
gavage. All animal experiments were performed in accordance with guidelines from the NIH
Animal Care and Use Committee.

Identification of translocating bacteria from culturing murine organs

Spleens, livers, and brains (as negative controls) from 7. gondii-infected mice were

excised using autoclaved forceps and scissors and were transferred to prereduced anaerobic
transport medium tubes (Anaerobe Systems, #AS-911) before transfer to an anaerobic
chamber. Tissues were subsequently physically disrupted and filtered through sterile 40-um
filters using prereduced anaerobic PBS. Resulting suspensions were plated on YCFAC+B
(Anaerobe Systems, #AS-677), MTGE (Anaerobe Systems, #AS-777), and Columbia Blood
Agar (Thermo Fisher Scientific, #R01217) at 37°C for 48 to 72 hours. A set of Columbia
Blood Agar plates was also incubated in aerobic conditions at 37°C for 48 to 72 hours.
Brain tissue was cultured as a negative control, as were buffers in which tools were

dipped before organ resection, both of which routinely yielded no colonies. Colonies were
propagated for 48 hours at 37°C in liquid medium corresponding to that from which they
were grown, were cryopreserved, and were identified by full-length 16 STRNA Sanger
sequencing. Translocator culture was performed during three independent experiments with
5 to 10 mice infected with 7. gondiibeing subjected to culture each time, with 1 to 2
uninfected control mice to test for negative culture plates. Culture of translocator bacteria
from mesenteric adipose tissue of human participants undergoing surgical resection was
performed as described previously (42).

IgG-seq and IgA-seq on T. gondii—infected mice

Sera and stool were collected from mice 4 weeks after infection with 7. gondii and frozen as
part of three independent experiments with 5 to 10 mice per group (infected and uninfected).
Stools were placed in buffer [1% (w/v) bovine serum albumin in PBS, used for all
subsequent washing and staining steps], were physically disrupted using sterile pipette tips,
and were homogenized by repeated pipetting using wide-bore pipette tips by pipetting. Stool
suspensions were spun at 50 rcf for 1 min to pellet nonbacterial food particles. Supernatant
was passed through a 40-um filter to a new sterile tube and was washed by centrifugation

at 8000 rcf for 3 min (same speed and time for subsequent washes). One-tenth of this
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suspension was used to quantify ODgqg for normalization of input samples. Another 1/10

of this suspension was set aside for flow cytometry—based assessment of percentages of pre-
enrichment IgA and IgG fecal bacterial binding. Samples were split for IgA-seq and 1gG-
seq. Samples for 1gG-seq were incubated in 1:50 plasma for 30 min at 4°C, whereas samples
for IgA-seq rested at 4°C. Samples were resuspended in stain mixtures including SYTO-62
(1:500 dilution; Invitrogen), anti-IgA (dilution 1:40; PE, eBioscience, clone:11-44-2) for
IgA-seq samples, and anti-1IgG1 PE (1:300; Beckton-Dickinson, #550083), anti-1gG2ab PE
(1:20; Beckton-Dickinson, #340269), anti-lgG3 PE (1:1500; Santa Cruz Biotechnology,
#sc-3767) for 1gG-seq samples. All stains were performed for 15 min at 4°C. Stains

were simultaneously performed using isotype control antibodies conjugated to PE, which
yielded minimal to no staining for all experiments. Samples were subsequently washed

and subjected to magnetic column-based fractionation as described above for human IgG-
seq and IgA-seq. Bacterial DNA extraction and 16 SrRNA amplification, pooling, and
sequencing were also performed as described above for human IgG-seq and IgA-seq.

16 SrRNA sequence data were processed as described above for human IgA-seq and 1gG-
seq using Dada2, with the exception of rarefying sequences at 21,000 reads per sample. IgA
and 1gG scores were calculated as the log ratio of counts of each taxon in the Ig-bound
microbial fraction over counts in the Ig-unbound microbial fraction. Scores were compared
across groups ( 7. gondiF-infected versus uninfected) using nonparametric Mann-Whitney U
tests. To facilitate comparisons of the capacity for 1gG scores versus IgA scores to identify
translocating gut microbiota members in 7. gondii-infected mice (Fig. 2), approximately
equal numbers of mice were analyzed for IgA scores (eight 7. gondii-infected and nine
uninfected) and 1gG scores (nine 7. gondii-infected and six uninfected). For intramouse
comparisons of antimicrobiota IgA repertoires to antimicrobiota IgG repertoires, seven 7.
gondi-infected and seven uninfected mice were profiled for both 1gG-seq and IgA-seq

4 weeks after infection. Spearman correlation tests were performed on all 1gG scores
compared to all IgA scores within each mouse.

IgG-seq and IgA-seq on Y. pseudotuberculosis—infected mice

For infections with Y. pseudotuberculosis, a culture of Y. pseudotuberculosis strain 1P32777
was grown overnight in 2XYT medium with 220 rotations per minute shaking at room
temperature. Suspensions were washed in PBS and resuspended to a concentration of 5 x
107/ml. Mice were infected with 107 colony-forming units via oral gavage. Serum and stool
were collected from five Y. pseudotuberculosis-infected mice 4 weeks after infection and
seven control, uninfected mice of equivalent age, strain, and sex. IgA-seq and 1gG-seq using
stool and sera were performed as described above for 7. gondiFinfected mice.

Design and construction of the human SFC

Stools from 40 healthy human donors were obtained (Lee BioSolutions, Maryland
Heights, MO, USA) and subjected to DNA extraction and V4 16 SrRNA amplification,
purification, and pooling as described for paired IgA-seq and 1gG-seq. Pooled libraries
were sequenced on the NextSeq instrument (lllumina) using the custom R2 primer:
“A+GTCAGTCAGCC+GGACTACHVGGGTWT+CTAAT” with locked nucleic acid base
modifications denoted by “+.” PhiX was loaded at 40% concentration. ASV tables were
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generated using Dada2, and samples were rarefied to 140,000 sequences per sample. To
ensure capture of IgG titers against the greatest number of human gut microbiota members,
we sought to identify the combination of samples that would yield the most diverse

final community as quantified by Shannon diversity. In silico modeling was performed

by randomly combining 5, 10, 15, 20, 25, 30, 35, and all 40 samples 500,000 times

each. Samples were concurrently assigned random proportions of the total in silico-mixed
community during each permutation. Shannon diversity values were calculated for all
permutations (package “vegan” in R), and the combination of 15 participants yielding the
maximum Shannon diversity was then chosen. Samples were resuspended in PBS with 1%
bovine serum albumin (% w/v), mixed via gentle blending using a 21-ounce food processor,
filtered through sterile 40-um filters, OD-normalized, and added at the relative proportions
dictated by the in silico modeling. The resultant SFC was centrifuged at 8000 rcf for 3.5 min
and resuspended in 15% glycerol in PBS at a concentration and volume to provide sufficient
SFC for 96 wells per aliquot.

IgG-seq using the human SFC

An aliquot of the SFC was thawed, centrifuged, and washed with PBS with 1% bovine
serum albumin (% wi/v), a buffer solution used for all subsequent stain and wash steps.
Human study participants for SFC-1gG-seq (IBD and healthy participants, referring to data
shown in Figs. 3 to 5) provided informed consent, and plasma was collected as part of

a study approved by the Cedars-Sinai Medical Center Institutional Review Board. SFC
aliquots were incubated in duplicate wells of 100 pl of human participant plasma diluted
to 1:300 for 30 min at 4°C. An aliquot (1/100 volume) was taken for flow cytometry—
based assessment of 1gG binding. Samples were then washed via centrifugation at 6000
rcf for 4 min and resuspended in 20 ul of microbeads bound to 1gG. Microbeads were
made by conjugating reduced recombinant protein G with N-terminal cysteine (Novus
Biologicals) to amine-functionalized magnetic beads (Alpha Biobeads) using LC-SMCC
[succinimidyl 4-(A~maleimidomethyl)cyclohexane-1-carboxy-(6-amidocaproate)] (Thermo
Fisher Scientific), using the Alpha Biobeads manufacturer protocol. Plasma-treated SFC
aliquots resuspended with protein G microbeads were then shaken at 400 rpm for 20 min
at room temperature. Samples were then placed on a 96-well plate magnet (Permagen,
#MSP750) and allowed to bind for 2 min at room temperature. Unbound suspension (30
ul; 1gG-unbound, “negative fraction™) was removed from these plates, and a fixed quantity
(5 x 108 colony-forming units) of Staphylococcus hominis, a human skin bacterium that
was not present in the SFC, was added to each well to facilitate absolute quantification

of taxa in the negative fraction. The suspension was frozen for downstream 16 SrRNA
amplification and sequencing on the NextSeq instrument (Illumina) as described above. A
1-pl aliquot was taken from these negative fractions for a flow cytometry—based quality
check, in which cells were stained with anti-IgG PE (1:50 dilution; Miltenyi, #130093193)
and SYTO-62 (1:500 dilution; Invitrogen) for 20 min at 4°C in a total volume of 50 pl,
along with the pre-enrichment and post-serum incubation aliquots taken at the start of the
procedure. Samples were washed, fixed in 2% PFA for 15 min at 4°C, and acquired on a
Fortessa cytometer (Beckton-Dickinson) with side-scatter thresholds set to 200.

Sci Transl Med. Author manuscript; available in PMC 2023 February 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vujkovic-Cvijin et al. Page 17

SFC-lgG-seq analysis
Sequences were processed using Dada2 (82) as above. ASVs with a total read abundance of
less than 0.001% were removed. Samples were rarefied at 400,000 reads per sample using
the R package “phyloseq.” On a per-sample basis, all ASV counts were divided by the
counts of the S. #ominis control bacterium added for absolute quantification purposes (noted
above). ASV abundances were then given a pseudo-count of the minimum nonzero value
in the resulting matrix, and values were subsequently log,-transformed. 1gG scores were
calculated as log ratios of taxon abundances in the pre-enrichment SFC over their abundance
in the 1gG-unbound negative fraction. The pre-enrichment SFC consisted of 4 wells per
96-well plate that received no plasma/serum and were treated equivalently to remaining
wells downstream of plasma/serum incubation. Given that these wells will have had no
IgG-mediated depletion of bacteria, we name these as “pre-enrichment SFC” samples. ASV
abundances in quadruplicate wells of the pre-enrichment SFC were averaged, and ASV
abundances in each sample were subtracted from the averaged quadruplicate pre-enrichment
SFC ASV abundances. All resulting 1gG scores were averaged across sample duplicates.

Bacterial taxa were determined to be bona fide translocators if they were cultured from

the mesenteric adipose tissue of more than four human participants in our cohort and if an
ASV with 100% identity at the 165 V4 rRNA region to the same bacterium by BLAST
was detected in gut mucosal microbiomes of the cohort, as obtained and sequenced by

Ha et al. (42). This dataset has been previously deposited in BioProject: PRINA659515.

16 STRNA amplicon sequence data from this dataset were processed via Dada2, and

each participant’s mucosal samples (involved and uninvolved mucosal biopsy sequencing
samples) were aggregated by summation for the purpose of detecting the presence or
absence of translocator bacteria at the gut mucosa. Samples with fewer than 19,000 total
reads were excluded from analysis. ASVs in the SFC that corresponded to translocating
bacterial species were identified as those having >99% identity to the translocator bacterial
species (and the ASV with highest percent identity was selected in the case of multiple
ASVs satisfying the stated criteria). 1gG scores for those taxa were compared between
healthy control participants (who did not undergo mesenteric adipose tissue sampling

and culture), IBD translocation-positive participants (those for whom that bacterium was
cultured from the mesenteric adipose tissue), and IBD translocation-negative participants
(who underwent mesenteric adipose tissue sampling but that bacterium was not cultured
from their mesenteric samples). Linear regression was performed using the aforementioned
categories as ordinal variables in the presented order, with each translocator bacterium
included as a random effect, comparing all translocator taxon IgG scores across the three
ordinal participant categories (Fig. 3C). Taxon IgG scores were converted to z scores
(centered and scaled across all participants on a per-translocator basis) and averaged
within each participant category (healthy, IBD translocation-positive, and IBD translocation-
negative) as inputs into the linear mixed effects model. IBD translocation-positive and IBD
translocation-negative participants together consisted of 18 participants with CD and 11
participants with UD (n7= 29 total), whereas healthy, non-IBD participants that did not
undergo mesenteric sampling were 7= 9.
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Comparisons of 1gG scores between IBD participant groups (e.g., healthy, CD, and UC)
were performed using nonparametric statistical tests in the base “stats” library in R. For two-
group comparisons, Mann-Whitney Utests were used (“wilcox.test”), and for three-group
comparisons, the Kruskal-Wallis test was used (“kruskal. test”). For these analyses, ASVs
that had nonzero count values in more than 70% of samples were examined (1071 ASVs in
total). Data were visualized using the package “superheat” in R.

For visualization and comparison of total antimicrobiota 1gG repertoires, an 7-by-n matrix
of pairwise comparisons was constructed using Pearson correlation coefficients comparing
all 1gG scores per sample to those of every other sample individually. Significance of
group clustering was assessed using the resulting pairwise Pearson correlation matrices
and the PERMANOVA technique (“adonis” function from package vegan) in R. Data were
visualized using principal coordinate analyses also performed in R (“pco” from package
“labdsv”).

Bacterial activity and growth rate in external validation datasets

Raw shotgun metagenomics reads from the Mayo Clinic study (58) were obtained

from Sequence Read Archive (BioProject accession: PRINA487636) and processed using
MetaPhlAn2 (83) to generate taxonomic relative abundance tables and Growth Rate InDex
(GRID) (56) for quantification of PTR. Reads from the METAgenomics of the Human
Intestinal Tract (MetaHIT) study (57) were obtained from the European Nucleotide Archive
(ENA) database (accession: PRIEB1220) and processed for PTR ratios using GRiD and
using curatedMetagenomicData (84) to derive taxonomic relative abundances. The iHMP
study data were obtained from tables S15 and S18 of the original publication (53). The
continuous variable of dysbiosis was defined in the iHMP study in detail in the original
publication. Briefly, dyshiosis scores were calculated for each individual as Bray-Curtis
similarities to all healthy participant gut microbiota profiles, with higher scores denoting

a greater deviation in microbiota community composition of healthy participants. All
taxonomic relative abundance and GRiD values were compared between participants with
CD and healthy controls for the Mayo Clinic and MetaHIT studies using nonparametric
Mann-Whitney U'tests.

To minimize the effects of microbiota-associated confounding variables (1), CD and healthy
sample populations were matched for body mass index (BMI), age, and sex, where data
were available. For the MetaHIT study by Nielsen et al., the “healthy” participant group was
chosen because this group was matched for age and sex to the CD group (age, A= 0.93 by
two-sided ttest; sex, P=0.62 by XZ test), whereas the “healthy relatives” group was not
matched for age (P= 3.9 x 107> by two-sided ¢test) to the CD group. This yielded a study
population of 13 participants with CD and 10 healthy control participants. For the Mayo
Clinic study by Mufiz Pedrogo et a/,, individuals with rheumatoid arthritis or arthropathy
were excluded from both the CD group and healthy control groups. Inclusion criteria were
imposed to ensure matching for age (>25 years old) and BMI (<40 and >20 BMI), which
yielded a well-matched study population for age (P= 0.54 by two-sided #test), sex (P=
0.56 by XZ test), and BMI (P = 0.42 by two-sided #test) of /= 63 controls and NV =32
participants with CD.
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To facilitate comparisons to our IBD IgG-seq and translocator bacteria dataset, analyses of
relative abundances and bacterial growth rate were limited to taxa classified at the species
level in the metagenomics datasets. Taxa were considered translocators if they were cultured
from the mesenteric adipose tissue of >4 participants in the study by Ha et a/. (42). Taxa
were considered as having significantly higher IgG scores in participants with CD if they
passed the following criteria: (i) unadjusted £< 0.05 in Mann-Whitney {tests comparing
CD to healthy participants; (ii) unadjusted £< 0.02 in Kruskal-Wallis tests comparing CD,
UC, and healthy participants as in the analyses of Fig. 4; (iii) greater mean IgG score in

CD compared to healthy participants; and (iv) >99% v4 16 STRNA sequence identity to its
nearest species classification by BLAST.

Comparisons of 1gG scores to relative abundances and IgA scores to relative abundances

in healthy humans with paired serum and stool samples were performed using

Spearman correlation tests (R package Hmisc). IgG and IgA scores for all ASVs were
compared between 7. gondii-infected and uninfected mice using Mann-Whitney U tests
(“exactRankTests” package in R). 1gG scores derived from SFC-1gG-seq for translocator
taxa were converted to zscores by centering and scaling, before being averaged across

the three human groups: healthy control individuals, bacteria translocation—positive patients
with IBD, and bacteria translocation—negative patients with IBD. Linear regression was
performed for each translocating bacterial taxon included as a random effect, comparing

all translocator taxon IgG scores across the three ordinal subject categories. Taxa with
significant differential 1gG scores between healthy, CD, and UC participants were identified
using Kruskal-Wallis tests (kruskal.test in R), and taxa that differed in CD versus healthy

or UC versus healthy were identified using Mann-Whitney Utests as above. Comparisons
of PTR and relative abundances between patients with CD and healthy participants in both
the MetaHIT and Mayo Clinic studies (Fig. 5) were performed using Mann-Whitney U'tests.
For all boxplots, center bars denote median and whiskers denote 1.5 * interquartile ranges.
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Fig. 1. Fecal 1gA and systemic | gG target different gut microbiota constituents.
(A) Shown is the 1gA-seq workflow. Fecal bacteria from mice and humans were incubated

with phycoerythrin (PE)—conjugated anti-IgA antibodies, after which anti-PE microbeads
facilitated magnetic separation of IgA-bound bacteria from IgA-unbound bacteria. These
two fractions were subjected to 16S rRNA sequencing, and IgA scores for each taxon

[i.e., amplicon sequence variant (ASV)] were calculated as the log ratio of taxon relative
abundance in the IgA-bound fraction over that in the unbound fraction. (B) Shown is the
1gG-seq workflow. Fecal bacteria were incubated with autologous sera and stained with PE
anti-1gG antibodies, fractionated, and sequenced as for IgA-seq. (C) Many gut bacterial taxa
in stool samples exhibited differential binding by mucosal IgA and serum IgG from healthy
individuals (7= 12). Taxa with 10-fold higher IgA scores than IgG scores are depicted in
purple, whereas taxa with 10-fold higher IgG scores are in green. (D and E) IgA scores
correlated more strongly with baseline fecal relative abundances than 1gG scores. (D) Shown
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are absolute values of all Spearman rho values for correlations comparing IgA or 1gG scores
to fecal relative abundances among taxa whose IgA and IgG scores differed by 10-fold
[green and purple dots in (C)]. (E) Spearman Pvalues for the same comparisons as in (D).
Paired ratio ftests were performed for (D) and on log-transformed values of (E).
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Fig. 2. Systemic 1gG identifies gut bacteria capable of translocation.
(A) Shown is the experimental plan. Livers and spleens of acute 7. gondiinfected

mice were processed and subjected to bacterial culture at day 3 after infection. Bacterial
colonies were identified using full-length 16 SrRNA sequencing. IgA-seq and 1gG-seq were
performed at day 28 after infection (7= 17 mice for IgA-seq and 7= 15 mice for 1gG-seq,
across three independent experiments). (B) Shown are translocating bacterial species that
were cultured from mouse livers or spleens in one or more independent experiments.
Translocation index refers to the number of independent experiments (n=4to 7 7. gondii-
infected mice per experiment) in which translocating bacterial species was cultured. Mean
fold differences in IgA and 1gG scores between 7. gondi-infected and uninfected mice were
calculated for each taxon, and Mann-Whitney Utests were performed to calculate P values.
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Fig. 3. Trandocating bacteria exhibit heightened 1gG scoresin humans.
(A) Shown is the SFC-1gG-seq workflow. In the absence of stool samples from study

participants, a surrogate fecal community (SFC) comprising a combination of healthy
donor feces from a separate cohort was prepared [see fig. S3 (A and B)]. Fecal bacteria
and sera were co-incubated, and the 1gG-unbound fraction was sequenced along with
triplicate pre-enrichment aliquots of the SFC. IgG scores were calculated, comparing
taxon abundances to the pre-enrichment community (see fig. S3C). (B) To identify
translocating bacteria in a cohort of patients with IBD undergoing medically indicated
bowel resection surgery, mesenteric adipose tissue from resected small and large intestinal
samples was subjected to bacterial culture. Full-length 16 SrRNA sequencing was then
performed on bacterial colonies to identify translocating bacteria for each individual. (C)
SFC-1gG-seq was performed using serum samples from 7= 29 patients with IBD and

= 9 healthy individuals. For each taxon, mean scaled 1gG scores were compared across
healthy individuals, patients with IBD with no detected translocation for that taxon, and
patients with IBD for whom that taxon was cultured from the mesenteric adipose tissue
(“translocation positive”). These groups were treated as ordinal variables in that order,

and linear regression on 1gG scores was performed, grouping all taxa (= 0.00015). IgG
scores for translocating bacterial taxa (translocator) were elevated in translocation-positive
patients with IBD compared to translocation-negative patients with IBD (P = 0.0268, paired
two-sided Student’s #test). *P< 0.05.
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Fig. 4. Antimicrobiota 1gG profiles differ between patientswith |BD and healthy individuals.
(A) Percentages of bacteria in the SFC bound by IgG were determined for each study

participant using flow cytometry [healthy versus Crohn’s disease (CD), A= 0.0053; healthy
versus IBD, £=0.0095; healthy versus ulcerative colitis (UC), £=0.26; two-sided Student’s
ttest]. (B and C) Principal coordinates (PC) analyses using pairwise Pearson correlation
coefficient matrices encompassing 1gG scores for all taxa are shown. Pvalues and ~
statistics were calculated using PERMANOVA. (D) Heatmap of all taxa whose 1gG scores
differed among the three groups (unadjusted P < 0.02, Kruskal-Wallis test). (E and F)
Shown are taxa whose 1gG scores differed significantly between (E) healthy individuals and
patients with CD and (F) healthy individuals and patients with UC (P < 0.05, Mann-Whitney
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Utest). (G to J) Shown are plots depicting 1gG scores of representative members of genera
that differed in 1gG scores between healthy individuals and patients with IBD. Shown are
IgG scores for Collinsella aerofaciens (G), Bifidobacterium longum (H), Faecalibacterium
prausnitzii (1), and Blautia wexlerae (J). **P< 0.01 and *P < 0.05; Mann-Whitney U'test.
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Fig. 5. Bacterial growth correlates more strongly with translocator statusand 1gG score
dynamicsthan doesrelative abundancein CD.

(A to F) Analyses of external, independent metagenomics datasets of patients with CD and
healthy individuals, using markers of bacterial growth (A to C) and relative abundance (D
to F). Bacterial species were ranked by resulting Pvalues and are shown in order, with the
most significant at the top of each graph. The top 10 taxa classified at the species level

for each analysis are shown with Pvalues in table S6. Bacteria of the following categories
are highlighted in color: those with higher IgG scores in CD (defined in Materials and
Methods), those that were cultured from =5 mesenteric adipose tissue samples in our IBD
cohort, and those that were both cultured from mesenteric adipose tissue and exhibited
heightened IgG scores in CD. (A) RNA/DNA ratios for each bacterium, a proxy for bacterial
cell growth, were compared [as described previously (53)] to a marker of longitudinal gut
dysbiosis for patients with CD (7= 106), and the resulting strength of correlation is shown
on the xaxis. (B and C) Peak-to-trough ratios (PTR), also a proxy for bacterial cell growth,
were calculated and compared between patients with CD and healthy individuals using
Mann-Whitney U'tests (7= 32 CD and n= 63 healthy controls for the Mayo Clinic study;
n=13 CD and n= 10 healthy controls for the MetaHIT study). Bacterial species were
ranked by the resulting Pvalues. (D to F) Analyses of the same datasets as in (A) to (C),
but examining relative abundance of bacterial species instead of growth rates/transcriptional
activity. (D) Relative abundances were compared to a marker of longitudinal gut dysbiosis
for patients with CD (7= 106), with the resulting strength of correlation shown on the
yaxis. (E and F) Relative abundances were compared for patients with CD and healthy
controls using Mann-Whitney Utests on the same individuals as in (B) and (C). (G) Count-
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based summary of (A) to (C), adding all numbers of each bacterial designation: translocators
(yellow), 1gG-targeted species (purple), or both IgG-targeted species and translocators (red).
Counts of bacterial species are separated by the direction of the trend, as either being
enriched or depleted in CD. (H) Count summary as in (G) but for relative abundances (D to
F).
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