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INTRODUCTION: Infections with many Gram-
negative pathogens, including Escherichia col,
Salmonella, Shigella, and Yersinia, rely on the
injection of effectors via type III secretion
systems (T3SSs). The effectors hijack cellular
processes through multiple mechanisms, in-
cluding molecular mimicry and diverse enzy-
matic activities. Although in vitro analyses
have shown that individual effectors can exhibit
complementary, interdependent, or antagonistic
relationships, most in vivo studies have focused
on the contribution of single effectors to
pathogenesis.

Citrobacter rodentium is a natural mouse
pathogen that shares infection strategies and
virulence factors with the human pathogens
enteropathogenic and enterohemorrhagic
E. coli (EPEC and EHEC). The ability of these
pathogens to colonize the gastrointestinal
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tract is mediated by the injection of effectors
via a T3SS. Although C. rodentium infects 31
effectors, the prototype EPEC strain E2348/69
translocates 21 effectors.

RATIONALE: The aim of this study was to test
the hypotheses that, rather than operating
individually, the T3SS effectors form robust
intracellular networks that can sustain large
contractions and that expanded effector rep-
ertoires play a role in distinct disease pheno-
types and host adaption.

RESULTS: We tested the effector-network para-
digm by infecting mice with >100 C. rodentium
effector mutant combinations. First, using
machine learning prediction algorithms, we
discovered additional effectors, NleN and
NleO. We then sequentially deleted effector
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T3SS effectors form robust intracellular networks. T3SS effector networks can sustain substantial
contractions while maintaining virulence. Using C. rodentium as a model showed that although triggering
the conserved infection signatures in IECs, distinct networks induce divergent immune responses and affect
host adaption. Because the robustness limit depends on the contraction sequence, machine learning models
could transform our ability to predict the virulence potential of alternative networks.
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genes from two distinct starting points to
reach sustainable endpoints, which resulted
in strains missing 19 unrelated effectors
(CR14) or 10 effectors involved in the modula-
tion of innate immune responses in intestinal
epithelial cells (IECs) (CRi9). Moreover, we
deleted Map and EspF, which target the mito-
chondria and disrupt tight junctions. Unex-
pectedly, all strains colonized the colon and
activated conserved metabolic and antimi-
crobial processes in the IECs while eliciting
distinct cytokine and immune cell infiltration
responses. In particular, although infection with
C. rodentium Amap/AespF failed to induce
secretion of interleukin-22 (IL-22), CR14 and
CRi9 triggered heightened secretion of IL-6
and granulocyte-macrophage colony-stimulating
factor (GM-CSF) and of 1L-22, interferon-y
(IFN-y), and IL-17 from colonic explants, respec-
tively. Nonetheless, infection with CR14 or CRi9
induced protective immunity against secondary
infections.

Although Tir, EspZ, and NleA are essential,
other effectors exhibit context-dependent es-
sentiality in vivo. Moreover, C. rodentium ex-
pressing the effector repertoire of EPEC E2348/
69 failed to efficiently colonize mice. We used
curated functional information and our in vivo
data to train a machine learning model that
predicted values for colonization efficiency of
previously uncharacterized mutant combina-
tions. Notably, a mutant with a low predicted
value, lacking only nleF, nleG8, nleGl, nleB,
and espL, failed to colonize.

CONCLUSION: Our analysis revealed that T3SS
effectors form robust networks, which can sus-
tain substantial contractions while maintain-
ing virulence, and that the composition of the
effector network contributes to host adapta-
tion. Alternative effector networks within a
single pathogen triggered markedly different
immune responses yet induced protective im-
munity. CR14 did not tolerate any further con-
traction, which suggests that this network
reached its robustness limit with only 12
effectors. As the robustness limits of other
effector networks depend on the contraction
starting point and the order of the deletions,
machine learning models could transform
our ability to predict alternative network func-
tions. Together, this study demonstrates the
robustness of T3SS effector networks and the
ability of IECs to withstand drastic perturbations
while maintaining antibacterial functions.
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Type lll secretion system effectors form robust and
flexible intracellular virulence networks

David Ruano-Gallego*1, Julia Sanchez-Garrido'*, Zuzanna Kozik?, Elena Niifiez-Berrueco®,
Massiel Cepeda-Molero®, Caroline Mullineaux-Sanders’, Jasmine Naemi-Baghshomali Clark’,
Sabrina L. Slater't, Naama Wagner®, Izabela Glegola-Madejska’, Theodoros I. Roumeliotis?,

Tal Pupko?, Luis Angel Fernandez®, Alfonso Rodriguez-Patén®, Jyoti S. Choudhary?S, Gad Frankel'§

Infections with many Gram-negative pathogens, including Escherichia coli, Salmonella, Shigella, and
Yersinia, rely on type Ill secretion system (T3SS) effectors. We hypothesized that while hijacking
processes within mammalian cells, the effectors operate as a robust network that can tolerate
substantial contractions. This was tested in vivo using the mouse pathogen Citrobacter rodentium
(encoding 31 effectors). Sequential gene deletions showed that effector essentiality for infection was
context dependent and that the network could tolerate 60% contraction while maintaining pathogenicity.
Despite inducing very different colonic cytokine profiles (e.g., interleukin-22, interleukin-17, interferon-y,
or granulocyte-macrophage colony-stimulating factor), different networks induced protective

immunity. Using data from >100 distinct mutant combinations, we built and trained a machine learning
model able to predict colonization outcomes, which were confirmed experimentally. Furthermore,
reproducing the human-restricted enteropathogenic E. coli effector repertoire in C. rodentium was not
sufficient for efficient colonization, which implicates effector networks in host adaptation. These results

unveil the extreme robustness of both T3SS effector networks and host responses.

acterial pathogens undergo a continu-
ous evolutionary arms race with their
hosts, driven by the acquisition of viru-
lence factors through horizontal gene
transfer. These factors enable the patho-
gens to bypass the resident microbiota, colo-
nize the host, subvert immune responses, hijack
cellular processes, and replicate in vivo (7). In
response to infection, mammalian hosts, aided
by the endogenous microbiota, mount im-
mune and colonization resistance responses
that are tailored to each pathogen (2-5).
Most virulence factors are either expressed
on the bacterial surface or are secreted across
the cell wall; accordingly, secretion systems
are at the heart of bacterial pathogenesis.
Many Gram-negative pathogens utilize secre-
tion systems to inject bacterial effectors into
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host cells (6). The pulmonary pathogen Legionella
pneumonia uses a type IV secretion system
(T4SS) to inject >300 effectors into protozoa
or macrophages (7). However, a much smaller
number of type III secretion system (T3SS)
effectors are injected by enteric pathogens
into phagocytic or intestinal epithelial cells
(IECs) (8). The repertoire of T3SS effectors
varies extensively from one pathogen to another
but can also vary within a single pathotype (e.g.,
clinical Escherichia coli isolates encode between
21 and 50 effectors). The function of an effector
can be dependent on the activity of another
[e.g., actin polymerization triggered by Tir of
enterohemorrhagic E. coli (EHEC) is dependent
on TccP/EspFy] (9, 10). Moreover, some effec-
tors have complementary functions [e.g., the
E. coli effectors NleC and NleE inhibit p65 and
TAB2 and TAB3 in the nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-
«B) signaling cascade, respectively] (), whereas
others have antagonistic activities [e.g., the
Salmonella Rho guanosine triphosphatases
(GTPases) GEF and GAP effectors SopE and
SptP] (11).

Studies of bacterial effectors have mostly
focused on comparisons of the outcomes of
infection between wild-type (WT) and single-
effector gene mutants, whereas two-hybrid
systems and other protein-interaction meth-
odologies have been used to identify the ef-
fectors’ binding partners and substrates (12-14).
Over recent years, these studies have generated
a wealth of data about the activity of individual
effectors and have revealed posttranslational
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modifications not found in eukaryotes (15-18).
However, although fundamental, these ap-
proaches do not take into account the intra-
cellular connectivity and interdependency of
the effectors.

Citrobacter rodentium is a natural mouse
pathogen and the etiologic agent of transmis-
sible colonic crypt hyperplasia (CCH) (19).
Given the largely conserved infection strategies,
infection of mice with C. rodentium provides a
robust in vivo model for studying virulence
mechanisms of the human pathogens entero-
pathogenic E. coli (EPEC) and EHEC (20, 2I).
C. rodentium causes self-limiting infection in
C57BL/6 mice, where regeneration of the in-
testinal barrier functions and clearance are
dependent on interleukin-22 (IL-22) and im-
munoglobulin G (IgG), respectively (2, 22).
Infection with C. rodentium triggers early
tissue damage repair responses, characterized
by rapid proliferation of colonic transit am-
plifying (TA) cells. This proliferation is fueled
by shifting adenosine 5'-triphosphate (ATP)
production from the mitochondria to aerobic
glycolysis (the Warburg effect) and the simulta-
neous activation of processes involved in bio-
genesis, import, and efflux of cholesterol (23, 24).

The ability of C. rodentium and EPEC or
EHEC to colonize the colonic mucosa is
conferred by a pathogenicity island called the
locus of enterocyte effacement (LEE) (25).
The LEE encodes transcriptional regulators,
the outer membrane adhesin intimin, a T3SS,
translocators (EspA, EspB, and EspD), chape-
rones, and six effectors (Tir, Map, EspF, EspG,
EspH, and EspZ) (26-28). In C. rodentium, 23
additional effector genes are located outside
of the LEE, mainly in genomic insertions and
cryptic prophages (29). After translocation, Tir
is integrated into the IECs’ plasma membrane,
where it serves as a receptor for intimin. This
process enables intimate bacterial attachment
and the formation of actin-rich pedestal-like
structures (30). Map and EspF target the host
cell mitochondria and affect the integrity of
the tight junctions (TJs) between cells (31, 32).
Single mutants lacking intimin or Tir (33);
NleB, an arginine glycosyltransferase that modi-
fies the death domain-containing proteins such
as FADD (Fas-associated death domain protein)
or RIPKI1 (receptor-interacting protein kinase 1)
(16); NleA (also known as EspI), which binds
Sec24 and affects endosomal trafficking (34);
or EspZ, which serves as the T3SS gate keeper
protecting cells from effector overdose cyto-
toxicity (26, 35), are highly attenuated in vivo
(16, 36, 37). Single deletion of other effector
genes has little effect on colonization; the known
functions assigned to each of the C. rodentium
effectors are shown in table S1. We therefore
hypothesized that, rather than operating indi-
vidually, the effectors form robust networks
that hijack host signaling pathways in a co-
ordinated manner.
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color-matched genus. (D) CFU/GoF

at 8 DPI with WT and the indicated

C. rodentium mutants. Graph shows
means + SEM from three biological
replicates, where statistical signifi- E
cance was determined by one-way
ANOVA and Dunnett's multiple
comparison test (values compared
with WT infection). ***P < 0.001.
(E) Mean numbers of CFU/GoF at
8 DPI with the indicated C. rodentium
strains (n =5 per group). (F) Rep-
resentative immunostaining images
of C. rodentium (cyan) and PCNA
(red) on colonic sections with the
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5.7x10 °cfu/GoF

indicated CFU/GoF. Scale bars, 10

100 um. LEE, locus for enterocyte
effacement; GI, genomic island;
CRPr, prophage elements; LoD, limit of detection.

We used the C. rodentium model to test
the effector-network hypothesis. To this end, we
derived two mutants, each generated through
a distinct sequence of progressive effector
gene deletions. These as well as the intermediate
mutants (>100 different combinations) were
tested in vivo. The phenotypic data were used
to train a machine learning (ML) model that
inferred the contribution of different effectors
to infection and predicted colonization out-
comes. We also generated a C. rodentium strain
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replicating the effector composition of the
human-restricted pathogen EPEC strain
E2348/69. We found that the function of
the effectors was highly cooperative, forming a
robust network that could withstand sub-
stantial contractions while maintaining path-
ogenicity. Moreover, the composition of the
network contributed to host adaptation. Equally,
the host was able to fight infections with a single
bacterial pathotype that injected vastly differ-
ent effector networks.

12 March 2021
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The comprehensive C. rodentium T3SS
effector repertoire

C. rodentium expresses six LEE-encoded and
23 non-LEE-encoded effectors. Because our
aim was to probe the robustness of the entire
effector network, we first used ML classification
algorithms to search for potentially unidentified
effectors (the search criteria and databases used
are listed in the Materials and methods section).
Briefly, in the learning phase, we searched for
66 features that distinguish known effectors
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from known noneffectors. Every open read-
ing frame (ORF) was assigned a score that
reflects how likely it is to encode an effector.
The proteins used to train the algorithm, the
set of feature values given to each ORF, and
the results of the ML classifier are presented
in tables S2, S3, and S4, respectively. We tested
five candidates from predictions showing con-
fidence scores =0.9 and with a minimum
length of 80 amino acids using the p-lactamase
(TEM-1) translocation assay (fig. S1A). Infec-
tion of 3T3 fibroblast cells with WT C. rodentium
or C. rodentium AespA (T3SS deficient), ex-
pressing the putative effector-TEM-1 fusions
or EspH-TEM-1 as a positive effector control,
revealed that candidates ROD_48841 (renamed
NleN) and ROD_40891 (renamed NleO) were
translocated from WT C. rodentium but not
from AespA (Fig. 1A).

NleN is a 9.5-kDa effector encoded in the
same genomic island as NleH, NleF, NleG7,
and EspJ (Fig. 1B). NleN-like sequences,
ranging in size between 85 and 613 amino
acids, are present in several hypothetical
proteins from human and cattle pathogenic
E. coli isolates (including 026:H11, 0O177:25,
and O45:H2), Escherichia albertii, Salmonella
enterica subspecies salamae, Shigella boydii,
and Shigella dysenteriae (fig. S1B). NleO is a
21.9-kDa effector encoded in the same island
as EspO, EspT, EspM2, and NleG8 (Fig. 1B).
NleO homologs (>95% identity) are found in
multiple E. coli isolates, E. albertit, and Pseudomonas
spp. (Fig. 1C). Oral infection of C57BL/6 mice
with C. rodentium AnleN or AnleO revealed that
both mutants efficiently colonized at 8 days
postinfection (DPI) (which was heightened in
the AnleN) (Fig. 1D) and induced CCH (which
was lower in the AnleO compared with WT)
(fig. S1C). Thus, C. rodentium encodes at least
31 effectors, which include the newly identi-
fied NleN and NleO.

Shrinking the network reveals context-dependent
effector essentiality and function

Once we established the C. rodentium effector
repertoire, we constructed a set of plasmids
that allowed us to generate scarless deletions
of each of the effector genes, either individu-
ally or as a group. This was used to generate a
comprehensive collection of 31 single effector-
deletion mutants, which were used for testing
and validation throughout the study (table S5).

We first assessed whether Tir, which is
necessary for intimate bacterial attachment
and pedestal formation in cultured cells (30),
was sufficient for C. rodentium colonization
in vivo. Given the recently observed altered
susceptibility to infection of mice from dif-
ferent breeding facilities (38, 39), we first con-
firmed that C. rodentium Atir (CRAtir) was
attenuated during infection of our commer-
cially sourced mice, and we verified that it
colonized similarly to CRAescN (T3SS defi-

Ruano-Gallego et al., Science 371, eabc9531 (2021)

cient) (Fig. 1E). In a reciprocal experiment, we
generated C. rodentium strains missing all the
effectors genes except #ir (Citro-1) or missing
all 31 effector genes including #r (Citro-0) as a
control, both of which encode a functional
T3SS and intimin. Infections of the mouse
colorectal cell line CMT-93 confirmed that
Citro-1, but not Citro-0, induced formation
of actin pedestals (fig. S2A). However, neither
Citro-0 nor Citro-1 were able to infect mice
(Fig. 1E), which suggests that intimin-Tir in-
teractions, which have been shown in many
studies to play a key role in infection and im-
munity (26, 40-42), are necessary but not suf-
ficient for colonization, and other effectors
are needed. An EPEC-1 strain, which similarly
expresses a functional T3SS, intimin, and Tir
as the sole effector, is unable to infect human
intestinal biopsies ex vivo (43).

Aiming to contract the effector network, we
set 107 colony-forming units per gram of feces
(CFU/GoF) as a shedding threshold for in-
fected mice; this was based on the observa-
tion that C. rodentium could not be detected
by immunofluorescence in colonic sections of
mice shedding <10” CFU/GoF (Fig. 1F). We
first confirmed that, consistent with previ-
ously published data, AnleA, AnleB, and AespZ
mutants are attenuated—AnleA and AnleB were
shed around the 107 CFU/GoF cutoff, whereas
AespZ was shed at 10° CFU/GoF (Fig. 1E).
Accordingly, we concluded that Tir, NleA,
NleB, and EspZ are essential in the context of
the WT effector network.

We next stress-tested the network by se-
quentially deleting effector genes from WT
C. rodentium followed by mouse infection
and quantification of fecal shedding (Fig. 2, A
and B). To maintain an unbiased approach, we
initially mutated effector genes in a random
order, generating strains named CR1, CR2,
etc., according to the number of deletion rounds
performed (Fig. 2B). Groups of four to five
mice were infected with each mutant, and fecal
C. rodentium shedding was enumerated on 3,
6,7, and 8 DPI (8 DPI is shown in Fig. 2A; 3, 6,
and 7 DPI are shown in fig. S2B). We observed
no major defects in shedding after sequential
deletion of the effector genes espK, nleL, espM3,
espV, espS, espL, nleGI, and espG (CR7) (Fig. 2,
A and B). However, deletion of espF from CR7
(CR7AespF) decreased bacterial shedding below
the 107 CFU/GoF threshold (Fig. 2A).

To determine where in the deletion process
leading to CR7AespF EspF became essential,
we constructed WTAespF, CR1AespF, CR2AespF,
CR3AespF, CR4AespF, CR5AespF, and CR6AespF
mutants, as well as a AespF/AespG double
mutant (the last two deletions in CR7AespF).
Infection with all these strains showed similar
levels of shedding as that observed in WT (fig.
S2C), indicating that effector essentiality is
context dependent and that the decreased
shedding of CR7AespF is caused by a com-
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binatorial effect of deleting at least three
effectors. As such, we identified EspF as a
conditionally essential effector; grouped EspF
with the essential effectors Tir, NleA, NleB,
and EspZ (Fig. 2B); and continued the se-
quential deletions from CR7.

By deleting map, espH, espN, nleDI1, and
nleD2 from CR7, we generated CR12 (missing
13 effector genes) (Fig. 2B), which was shed at
>10® CFU/GoF (Fig. 2A). Although deleting
either nleC or nleE from CR12 resulted in
shedding at the threshold (fig. S2D), deletion
of both nleC and nleE from CR12 resulted in
shedding below the threshold (Fig. 2A).
Notably, deletion of both nleC and nleE from
WT C. rodentium (named CRi2; see below)
did not affect shedding (Fig. 2, C and D), which
supports the concept of context-dependent ef-
fector essentiality. Because NleC and NleE have
been shown to target the NF-xB signaling
cascade in vitro (table S1), we investigated
whether this was their physiological func-
tion in vivo. For this, we treated CR12AnleC/
E-infected mice with the NF-xB inhibitor BMS-
345541 (43), using CR12 as a control. BMS-
345541 treatment did not affect the outcome
of infection with CR12 and rescued colonization
of CR12AnleC/E (Fig. 2E), providing mechanis-
tic insight into the role of these effectors in vivo,
which could not be elucidated in the past owing
to the absence of a phenotype during infection
with WTAnleC/E.

Because deletion of either nleC or nleE
affected shedding, they were retained in CR12
and we continued with the deletion of nlek,
espJ, nleG7, nleF, nleH, and nleN, generating
CR14 (missing 19 effector genes), which en-
codes only 12 of the 31 C. rodentium effectors
(Fig. 2B). Although CR14 was shed at ~10° CFU/
GoF, further individual deletions of nleO,
nleG8, espM2, espO, or espT from CR14 showed
erratic levels of shedding, below the 107 CFU/
GoF cutoff (Fig. 2A). Therefore, by deleting the
selected 19 genes in CR14, we reached the
robustness limit of this effector network, which
was unable to sustain further contractions.

A network lacking the major anti-inflammatory
effectors supports colonization

The unbiased approach to contract the network
that led to CR14 showed context-dependent
effector essentiality. Thus, the starting point
of effector gene deletion, and the subsequent
order of network contraction, is pivotal in
reaching an endpoint. Accordingly, we decided
to conduct a second round of progressive dele-
tions from an alternative starting point. Be-
cause deleting both nleC and nleE from CR12
(Fig. 2B)—but not WT (CRi2; Fig. 2C)—markedly
affected shedding, we started the second round
of deletions from CRi2.

While embarking on the second round of
network contraction, we decided to take a
targeted approach and sequentially deleted
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effector genes implicated in subversion of host
immunity (strains named CRi) from CRi2 (Fig.
2D). Deletion of nleC, nleE, nleD1, nleD2, nleF,
nleH, espL, espJ, and espT resulted in CRi8,
which was shed at >10® CFU/GoF (Fig. 2C).
Because NleA and NleB are also reported to
affect host immunity (table S1), the effect of
deleting nleB or nleA from CRi8 was tested.
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Whereas deleting nleA from CRi8 resulted in
shedding at ~10° CFU/GoF, deletion of nleB
(CRi9) did not affect shedding (Fig. 2C). There-
fore, although essential for efficient coloniza-
tion in the context of the WT (Fig. 1D), NleB
is dispensable in the context of the newly
established effector network in CRi8. Notably,
deletion of espO—which affects IL-22 signal-
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ing in IECs (44)—from CRi9 decreased shed-
ding to <107 CFU/GoF (Fig. 2C). EspO thus
exhibits context-dependent effector essenti-
ality in CRi9, which we considered the end-
point for deletion of effectors affecting host
inflammation.

We confirmed that CR14 and CRi9 formed
typical actin-rich pedestals after infection of
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Fig. 3. CR14 and CRi9 activate a
conserved molecular signature
of infection. (A) PCA based on
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CMT-93 cells (fig. S2A) and sequenced their
genomes, alongside the parental strain ICC169,
both before infection and after isolation from
feces at 8 DPI. Comparison of the genomes
confirmed that the only differences compared
with WT were in the intended deletions in
CR14 and CRi9, which share eight effectors
(Fig. 2F), and verified genomic stability because
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no further mutations occurred during infection
(table S6).

Contraction of the effector network does

not affect gene expression or bacterial
physiology in vivo

Because C. rodentium binds IECs at the apex
of the colonic crypt, where it injects effectors,
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H Switch to the immunoproteasome
Psmb9
Log2FC 49 —x
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4324101234 o ¥
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b 2
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g oo
(SA)
Psmb8 o
Psmb9
Psmb10 Psmb6

Log2FC

Psmb5 007
Psmb6 -0.2
Psmb7
0.4
064

we aimed to compare the IEC responses to
infection with WT, CR14, and CRi9 at the
molecular level. Groups of mice making up
three biological repeats were infected, and the
colons from those exceeding the 107 CFU/GoF
threshold were extracted at 8 DPI (fig. S3A),
followed by histology, immunostaining, enzyme-
linked immunosorbent assay (ELISA), cytokine
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profiling, immune cell infiltration, and IEC
proteomics (fig. S3B).

Protein extracts from the IECs within the
same infection group were pooled at a 1:1 ratio
and analyzed by isobaric labeling proteomics
in two batches (fig. S3C). A total of 7760 host
proteins (table S7) [false discovery rate (FDR) <
5%] and 671 C. rodentium proteins were
quantified (table S8). For the host proteins, the
median coefficient of variation (CV) of techni-
cal and biological replicates between the sample
batches was 4 and 7.4%, respectively, suggesting
high reproducibility. Moreover, principal com-
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ponents analysis (PCA) revealed that biological
replicates clustered without batch effects, dem-
onstrating a clear separation between infected
and uninfected samples (Fig. 3A).

Because intimately attached C. rodentium
copurifies with the IECs, we used the proteome
to determine whether the deletions introduced
into CR14 and CRi9 affected the abundance of
other bacterial virulence factors, regulators,
or lipopolysaccharide (LPS) biosynthesis and
metabolic proteins. This analysis revealed no
changes in the abundance of proteins involved
in these processes, which suggests that the

12 March 2021

deletions of effector genes have no major ef-
fect on bacterial protein abundance or physi-
ology in vivo (Fig. 3B).

We next used quantitative polymerase chain
reaction (qQPCR) to analyze whether the mul-
tiple deletions in CR14 and CRi9 affected the
expression of selected translocator and effector
genes in vivo, using bacterial RNA associated
with lysates of infected IECs as a template. This
revealed similar expression of espB, tir, nleA,
espZ, and espF in WT, CR14, and CRi9—
consistent with the deletion profiles, expres-
sion of nleN and map was specifically detected
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Fig. 5. Effector network composi-
tions govern specific infection
outcomes. (A and B) Immune cell
recruitment to the colonic tissue of
either mice infected with WT, CR14,
or CRi9 or Ul mice at 8 DPI. Total
numbers of ¢cDCs and neutrophils
(A) and CD4+ or CD8+ T cells, NK
cells, and B cells (B) per microliter
of colon homogenate. Shown are
means + SEM (n = 10). (C) GM-CSF
levels measured from colonic
explants of mice infected with the
indicated CR14 intermediates or Ul
mice at 8 DPI. Graph shows means +
SEM (n = 5 to 10). Statistical
analysis by one-way ANOVA with
Dunnett's multiple comparison post
hoc test (values compared with WT
infection). (D) Total numbers of
neutrophils and ¢DCs recruited to
the colonic tissue of mice infected
with the indicated mutants at 8 DPI
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nonparametric statistical analysis
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did not reach 10° CFU/GoF during the immunization step were excluded from the experiment. In (E) and (F),
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001;

in WT and CRi9, whereas expression of nleB
and nleC was specifically detected in WT and
CR14 (fig. S3D). Thus, the sequential deletions
did not affect the expression of the remaining
effector genes in CR14 and CRi9.

WT, CR14, and CRi9 activate similar metabolic
and protein degradation processes

Despite expressing vastly different effector
networks, WT, CR14, and CRi9 are shed at
>10” CFU/GoF. We were therefore interested
in determining how the different effector
networks affected host responses. Using the
IEC proteomics data, we calculated log, fold-
change (log,FC) over the uninfected control
and performed one-sample ¢ tests using all in-
fected samples as replicates. We found that
14% (1095 proteins) of the proteome was
differentially regulated (P < 0.05; log,FC >
0.5, either up- or down-regulated), with 744
proteins increasing and 351 decreasing across

Ruano-Gallego et al., Science 371, eabc9531 (2021)

4 6 8 10 12 14 16 18 20 22 24 26

28 30 32 34
Day post-infection

ns, not significant.

all conditions. Enrichment analysis classified
the changes in protein abundances into the
following biological processes: metabolic path-
ways, proteostasis, cell signaling, immune re-
sponse, and cell structure (Fig. 3C).

In line with previous studies (23, 24), we
observed an overall down-regulation of path-
ways associated with energy metabolism, mainly
within the mitochondria, whereas pathways
associated with cell proliferation—DNA rep-
lication, transcription, mRNA processing, and
ribosome biogenesis—increased (Fig. 3C). Con-
sistently, histological analysis and immuno-
staining revealed CCH (Fig. 3D) and expansion
of the PCNA" proliferative zone (fig. S4A),
which were greater in CRi9. Because expan-
sion of TA cells is associated with diminishing
abundance of differentiated cells, we quanti-
fied differentiation markers by qPCR, which
revealed reduced abundance of Slc26a3 and
Reg4 mRNA—markers of absorptive epithe-
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lial cells and deep crypt secretory cells, re-
spectively (fig. S4B). Additionally, the expansion
of the proliferative zone coincided with up-
regulation of the glucose transporter SLC5A9,
fructose transporter SLC2A5, and glycine ami-
dinotransferase (GATM) (Fig. 3E), which mediate
monosaccharide influx and creatine biogenesis,
respectively, and a shift to aerobic glycolysis and
energy dissemination via phospho-creatine.
Slc2a5 is regulated by the transcription
factor liver X receptors (LXRs) (45), which are
generally associated with the up-regulation of
genes involved in cholesterol efflux. Consistent
with this, the abundance of the LXR-regulated
cholesterol transporter ABCA1 also increased
upon infection with WT, CR14, and CRi9, al-
though to a lesser extent during CRi9 infection.
(Fig. 3F). In line with the lower abundance of
ABCA1, which is involved in reverse cholesterol
transport (46), the level of serum cholesterol
was lower in CRi9 compared with WT and
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Fig. 6. Map and EspF are required for induction of IL-22 responses.

(A) Heatmap representing the abundance of specific cell markers and proteins
involved in cell proliferation (top left) in IEC samples from mice infected with WT
C. rodentium or CRAmap/AespF [normalized to uninfected (Ul) samples].
Representative H&E-stained sections (right) and crypt-length measurements
(bottom left) from the same groups of mice at 8 DPI (scale bars, 200 um). Each
dot represents the mean per mouse, and lines show means + SEM from two
biological replicates. (B) Heatmaps illustrating the changes in abundance of
proteins involved in cellular [tricarboxylic acid cycle (TCA), oxidative phospho-
rylation (Oxphos), glycolysis, and creatine pathway] and cholesterol metabolism
in IEC samples after infection with the indicated strains. (C) Heatmap

representation of the changes in the selected proteins involved in the IL-22
response at 8 DPI with the indicated strains (left) and SI00A8 ELISA on
homogenized stool samples collected at 8 DPI (right). Each dot represents a
single mouse. (D) IL-22 and TNF levels measured by ELISA in colonic explants of
mice infected with WT C. rodentium or CRAmap/AespF at 8 DPI; IL-22 shows
decreased values in CRAmap/Aespf-infected samples. (E) Immune cell recruit-
ment to the colonic tissue at 8 DPI. Graphs show total numbers of neutrophils,
conventional dendritic cells (cDCs), CD4" T cells, and B cells per microliter of
colon homogenate. In (C) to (E), graphs show means + SEM of two biological
repeats. Statistical analysis was determined by one-way ANOVA with Tukey's
multiple comparison test. *P < 0.05; ***P < 0.001; ****P < 0.0001.

CR14 (Fig. 3G). Similarly, the SREBP2-regulated
genes involved in cholesterol biosynthesis
(HMGCR) and uptake (LDLR and PCSK9)
(47) increased upon infection with WT, CR14,
and CRi9 (Fig. 3F and fig. S4C). These changes
were validated by qPCR (Fig. 3F and fig. S4C).
Thus, modulation of LXR-mediated responses
is differentially affected by the effector net-
works in WT, CR14, and CRi9.
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Notably, while the constitutively expressed
proteasomal subunits PSMB5, PSMB6, and
PSMB7 were down-regulated, the abundance
of the immunoproteasomal subunits PSMBS,
PSMB9, and PSMBI10 was increased, which we
also confirmed by qPCR (Fig. 3H). This sug-
gests that IECs might participate in antigen
presentation to infiltrating immune cells. Ad-
ditionally, cellular adhesion molecules (CAMs)

12 March 2021

were positively enriched, whereas the TJ protein
CLDN4 was down-regulated in IECs (fig. S4D).
Thus, despite the vastly different effector net-
works, WT, CR14, and CRi9 trigger conserved
molecular infection signatures.

CRI9 triggers distinct inflammatory responses

In line with the deletion of the anti-inflammatory
effectors, infection with CRi9 resulted in the
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Fig. 7. Prediction of a specific essential effector combination. (A) A table
illustrating the effector composition in additional C. rodentium mutants used to
feed the ML model. Gray backgrounds indicate mutated effectors. Rows
highlighted in green and red pinpoint mutants colonizing above or below the

107 CFU/GoF threshold at 8 DPI, respectively. (B) Steps used to train the ML model
for finding noncolonizing mutants. The structure was manually fixed according
to published relationships (fig. S7A). Training consists of assigning quantitative
weight to every connection via a genetic algorithm. Good values for the
hyperparameters were found by fivefold cross-validation. Fifty models were then
trained with 90% of the dataset. Their predictions were averaged by weighting the
models in the remaining 10% of the dataset and ranked by confidence. (C) Bar
chart representing the importance score given to each effector by averaging the
predicted confidence in no colonization of all the mutants that include that
deletion. In the calculation of nonessential effectors (blue), mutants with essential
deletions were excluded and the results were normalized in [0,1]. The score of

essential effectors Tir, NleA, and EspZ (orange) takes into account all possible
deletions; they ranked among the four highest in this classification. (D) Heatmap
showing the importance of effector pairs that illustrates the codependency and
interactions between pairs of nonessential effectors predicted by the model. Most
pairings show low values, indicating additive relationships (green). Pairs including
NleF showed high values due to its high individual score (yellow); NleB and EspL
and pairings involving two of the NleG proteins show high scores (multiplicative
relationships; red). (E) Schematic illustrating the C. rodentium mutants generated
to test the ML model and bacterial load at 8 DPI (strains shown in fig. S7C). Graph
shows means from n = 5 to 10 mice; statistical significance compared with WT
colonization levels was determined by one-way ANOVA and Dunnett's multiple
comparison test. ***P < 0.001. (F) CFU/GoF at 8 DPI with WT and CREP. Graph
shows means + SEM of three biological replicates; significance was calculated by
an unpaired Mann-Whitney U test. ****P < 0.0001. Colonization threshold of

107 CFU/GoF is indicated by a dotted red line.

largest increase in abundance of major histo-
compatibility complex (MHC) class II proteins
(e.g., H2-Aa), Tapl (involved in antigen pre-
sentation on MHC class I), and antimicrobial
and proinflammatory proteins, including iNOS,
calprotectin, CAMP, REG3G, and NFKBIZ
(Fig. 4, A to C). Induction of calprotectin,
which sequesters the trace elements Mn and
Zn (48), was validated by fecal SI00A8 ELISA
(fig. S4E), and increased gene expression of
Nos2 and Reg3y was validated by gPCR. Notably,
Nfkbiz was only transcriptionally elevated in
CRi9 (Fig. 4C and fig. S4F). The abundance
of multiple cytokines, cytokine receptors, and
their downstream targets was also differen-
tially regulated, with CRi9 exhibiting higher
levels of Tnfrsflb (TNFR2), CCL28 [chemo-
kine (C-C motif) ligand 28], LtbR (lympho-
toxin beta receptor), and IL6st (interleukin-6
signal transducer), all validated by qPCR (fig.
S4G), and interferon-y (IFN-y)-regulated pro-
teins (Fig. 4D), where If8, as well as Icaml
and H2-Aa, were validated by qPCR (Fig. 4, B
and D, and fig. S4D). Moreover, the lack of
NleB and EspL in CRi9 resulted in significantly
higher mixed lineage kinase domain-like pro-
tein (MLKL) phosphorylation, consistent with
their role in the inhibition RIP kinases (Fig. 4E).
Thus, deletion of the major anti-inflammatory
effectors from the network in CRi9 results in
changes to the abundance of specific inflam-
matory signatures in IECs compared with
WT. By contrast, removal of a subset of the
anti-inflammatory effectors from the net-
work in CR14 (e.g., NleD1, NleD2, NleF, NleH,
EspJ, and EspL) resulted in moderate changes
to the abundance of proteins in the same
processes.

CR14 and CRI9 trigger distinct mucosal immune
response but also protective immunity

Considering the fact that WT, CR14, and CRi9
trigger distinct immune signaling in IECs, we
analyzed how this was reflected in the levels
of 13 cytokines [tumor necrosis factor (TNF),
IFN-y, IL-22, IL-17A, IFN-B, CXCL1, I1L-23, IL-
6, CXCL5, granulocyte-macrophage colony-
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stimulating factor (GM-CSF), 1L-27, 1L-12p70,
and IL-21] secreted from colonic explants or
found in serum at 8 DPI. All cytokines except
IL-21 and IL-12p70 were detectable in serum
but did not show any significant differences
after infection with CRi9 or CR14 when com-
pared with the other treatment groups (fig.
S5A). By contrast, we observed reduced secre-
tion of CXCLI after infection with WT but not
with CR14 or CRi9, which suggests that the
effector(s) involved in down-regulation of
CXCL1 are absent in both mutants (fig. S5B).
In line with changes to protein abundances
in IECs (Fig. 4, A to D, and fig. S4, D, F, and G),
infection with CRi9 resulted in significantly
higher secretion of the leukocyte-secreted cyto-
Kkines TNF, IL-17A, I1-22, and IFN-y from colonic
explants compared with WT and CR14 (Fig. 4F).

To determine the effect of perturbation of
host immunity in the context of their respec-
tive effector networks, we infected IFN-y
knockout (KO) (Ifng’/ 7) and littermate control
mice (Ifng”*) with WT C. rodentium and
CRi9, which were shed at comparable levels
(fig. S5C). As expected, we detected elevated
levels of secreted IFN-y only in Ifng™* mice
infected with either WT C. rodentium or
CRi9 (fig. S5D). Although infection of Ifng™~
mice with WT C. rodentium did not reveal
substantial changes compared with littermate
controls at 8 DPI, overlaying the CRi9 effector
combination on a perturbed immune signal-
ing network (i.e., Ifng™”") resulted in increased
secretion of IL-17A and IL-22 coupled with
an upward trend in secretion of IL-23 and a
downward trend in TNF (fig. S5D). This coin-
cided with significantly elevated levels of con-
ventional dendritic cells (cDCs) and increased
detection of CD4* T cells (P = 0.052) in CRi9-
infected Ifng™ ™ colons (fig. S5E). Thus, in the
absence of IFN-y, an effector network lacking
the anti-inflammatory effectors induces a shift
from the combined T helper 1 (Tyl)-like
(characterized in part by IFN-y and TNF) and
Ty17/TH22 responses seen in WT C. rodentium
infection (49) toward a dominant T17/T22-
driven response.

12 March 2021

GM-CSF is an immunoregulatory cytokine
involved in the maturation of immune cell
precursors, with a protective role in inflam-
matory bowel disease (IBD) and colitis (50, 51),
whereas IL-6 is a pleiotropic cytokine best
known as a promoter of inflammation
(62). The cytokine array revealed that WT
C. rodentium infection results in inhibition
of GM-CSF and IL-6 secretion from colonic
explants, below the physiological levels seen
in mock-infected mice (Fig. 4G). Notably, we
observed significantly higher levels of GM-CSF
and IL-6 in CR14- compared with WT-infected
mice (Fig. 4G). This suggests that the CR14
effector network is missing effectors that
specifically inhibit secretion of GM-CSF and
IL-6. Although GM-CSF is mainly secreted
by immune cells, it can also be secreted from
nonhematopoietic cells (57). Thus, we performed
gPCR to determine whether the reduced secre-
tion of GM-CSF is reflected by the level of Csf2
transcripts in IECs. This revealed that tran-
scription of Csf2 was equally inhibited after
infection with all three strains (fig. S5F), indi-
cating that after infection with CR14, GM-CSF
is secreted from other cell types.

To determine whether differential secretion
of cytokines affects immune cell infiltration,
we analyzed the colons of mice infected with
WT, CR14, and CRi9 by flow cytometry. WT
and CRi9 recruited similar numbers of neu-
trophils, monocytes-macrophages, eosinophils,
natural Killer (NK) cells, B cells, and T cells,
with a tendency toward greater counts in CRi9
that becomes significant in the overall numbers
of cDCs (Fig. 5, A and B, and fig. S5, G and H).
By contrast, despite the high levels of secreted
GM-CSF, CR14 recruited significantly fewer
myeloid cells to the colon, which was more
pronounced for monocytes-macrophages and
neutrophils (Fig. 5A and fig. S5G).

We investigated which of the 19 effectors
missing in CR14: were involved in blocking the
secretion of GM-CSF and IL-6 and the recruit-
ment of myeloid cells by infecting mice with
all of the intermediates between CR4 and
CRO (Fig. 2B and fig. S6A). Analysis of colonic
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Fig. 8. Schematic representing the alternative C. rodentium effector networks
and IEC responses to infection with WT, CR14, and CRi9. The master effectors
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table S1). Shown are both conserved effector-composition-independent changes
[e.g., disruption of the mitochondria, up-regulation of glucose and fructose import

explants revealed variable secretion trends of
multiple cytokines, including CXCL1 and IFN-y
(fig. S6, B and C), which underlines the
specific contribution to immune responses by
different effector combinations. However, low
levels of GM-CSF and IL-6 were observed in
explants from mice infected with CR4, CR5,
CR6, or CR7, whereas high levels were seen
from mice infected with CR8 or CR9 (Fig. 5C
and fig. S6B). Given that CR8 is CR7Amap, we
hypothesized that Map may be responsible for
this phenotype. However, infection with the
single Amap mutant induced low levels of
GM-CSF and IL-6 secretion (Fig. 5C and fig.
S6B). This suggests that Map, in conjunction
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with other effectors, affects GM-CSF and IL-6
secretion from immune cells, which empha-
sizes the synergy and interdependency
between effectors that leads to context-
dependent immune modulation. Notably, anal-
ysis of myeloid (Fig. 5D and fig. S6D) and
lymphoid cell (fig. S6E) recruitment to the
colon revealed similar low levels in mice in-
fected with either CR7 (low GM-CSF or IL-6) and
CR8 (high GM-CSF or IL-6), thereby uncoupling
colonic GM-CSF and I1-6 secretion from recruit-
ment of the major immune cell types.
Considering the notable differences in im-
mune responses triggered by CR14 and CRi9,
we assessed their ability to elicit protective
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(SLC5A9 and SLC2A5, respectively), cholesterol efflux (ABCAL), MHC | expression,
and a switch from the constitutive proteasome (in maroon) to the immunoprotea-
some (in blue)] and effector-composition—dependent changes (e.g., alterations

in immune responses, represented by cytokine secretion in the colonic environment
and immune cell recruitment). Differences in size represent the magnitude of the
change. AMPs, antimicrobial peptides.

immunity from a subsequent challenge with
WT C. rodentium. To this end, mice were in-
fected with either WT (positive control), CR14,
or CRi9, and mock infection was used as a
negative control. WT and CR14 were similarly
cleared between 16 and 22 DPI. By contrast,
clearance of CRi9 was delayed (30 to 34 DPI)
(Fig. 5E), consistent with the deletion of the
immune-modulatory effectors (Figs. 4 and 5).
Five weeks after infection, once the original
infection had been cleared, the mice were
reinfected with WT and the number of fecal
C. rodentium was enumerated 8 days after
reinfection. Although mock-infected mice devel-
oped typical infection, immunization with WT,
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CR14, or CRi9 protected mice from reinfec-
tion (Fig. 5F). Thus, although pathogens use
multiple effectors to erect roadblocks on the
path of protective immunity, the host can
navigate around these barricades, which dem-
onstrates the inherent plasticity and robust-
ness of antimicrobial responses.

Map and EspF activate IL-22 responses

EspF and Map, which disrupt TJs and the
mitochondria (53), affect virulence and im-
mune responses in the context of CR7—EspF
shows context-dependent essentiality, whereas
Map affects secretion of GM-CSF and IL-6.
To determine their combined contribution
to infection, we generated a map/espF double
mutant (CRAmap/AespF), which colonized
mice similarly to WT, CR14, or CRi9 (fig.
S6F). Proteomics analyses of purified IECs
revealed that infection with CRAmap/AespF
triggered the conserved molecular infection
signatures (fig. S6G and table S9) and that
IFN-y-mediated responses were comparable
to those seen in WT-infected mice (fig. S6H).
Unexpectedly, infection with CRAmap/AespF
triggered significantly lower CCH, which cor-
related with relatively higher abundances of
the goblet and deep crypt secretory (DCS) cell
markers ClcAl and Reg4 and lower abundances
of the proliferation markers Ki67 and PCNA
compared with WT (Fig. 6A). These changes
corresponded to moderate changes in the abun-
dance of proteins involved in cholesterol metab-
olism and bioenergetics (Fig. 6B) and a lower
abundance of IL-22-regulated proteins, includ-
ing calprotectin, which was also confirmed
by ELISA (Fig. 6C). Consistent with this, we
found significantly reduced secretion of IL-
22 from colonic explants of CRAmap/AespF-
infected mice, compared with WT. By contrast,
the levels of TNF and recruitment of neutro-
phils, ¢DCs, B cells, and CD4" T cells were not
significantly different (Fig. 6, D and E), which
underlines that Map and EspF specifically
affect the IL-22 response. These results illus-
trate how a relatively small contraction of the
effector network can markedly and specifically
affect host responses to infection. Moreover,
Map and EspF synergistically activate a feed-
back loop through which their injection into
IECs modulates cytokine secretion from im-
mune cells. This in turn affects the behavior
of the epithelial monolayer. Because Map and
EspF disrupt the TJs, this could be a key factor
in triggering barrier regeneration responses.

ML identified a previously unidentified essential
effector combination

Over the course of this study, we generated
and characterized >100 different C. rodentium
mutants in vivo (Fig. 7A and table S10). We
used this dataset to train a ML model with the
aim of predicting colonization efficiencies of C.
rodentium bearing previously uncharacterized
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combinations of effector deletions. Because a
dataset of this size hinders the use of common
ML algorithms, which tend to overfit, we
developed and applied a hybrid algorithm
that incorporates domain knowledge (the
known functions of the effectors; table S1) in
addition to experimental data. This was de-
picted as a simplified interaction network that
relates the effector targets and their known
intracellular functions to colonization success
(fig. S7A). The dataset served to assign quan-
titative weight to every interaction, making a
model where the effects of the inputs to anode
are considered to be additive. To adjust these
weights, we developed a methodology com-
bining artificial neural networks (ANN) with a
genetic algorithm (Fig. 7B, fig. S7B, and Mate-
rials and methods). Hence, the trained model
uses combinations of the 29 effectors (EspM2/
3 and NleD1/2 were considered as one) as
inputs and binary colonization success (using
the 107 CFU/GoF shedding threshold) as the
output (Fig. 7A and table S10).

To evaluate the influence of each effector in
colonization, we used the trained model to
score the 16,489,545 possible mutant combi-
nations lacking up to nine effectors and rank
them according to their expected colonization
success—those with lower success being ranked
first. From the raw predictions, we extracted
the importance of both individual (Fig. 7C)
and groups of effectors. The influence of single
effectors in the ranked mutants varied among
different runs (owing to the ANN nature of
the model and the small dataset), but general
patterns could be observed. As expected, the
essential effectors Tir, NleA, and EspZ were
among the four highest scores, together with
NleF, which stood out among the nonessential
effectors. The remaining effectors showed sim-
ilar individual scores, implying that their exact
positions may vary among runs, but they could
be divided into two groups, consistent with
those ranking higher (EspF, NleG8, NleK,
NleN, EspH, EspN, EspL, NleG1, NleB, EspJ,
NleG7, EspK, NleH, and EspG) or lower (NleE,
NleO, NleL, EspV, NleD, EspM, EspT, Map,
EspO, and EspS).

To examine the codependency of effectors,
we analyzed the predicted influence of mutant
pairs (Fig. 7D). Many combinations were es-
sentially additive in relation to individual mu-
tations, but some showed unexpected high
scores: (i) NleB with EspL; (ii) any pair of
NleG proteins, especially NleG8 with NleGl;
and (iii) EspF with EspH, EspG, or EspJ. The
effectors involved in these pairs share common
functions, which suggests that the model is
capable of predicting outcomes.

Additionally, we selected the best colonization
failure predictions of five (CRa5: nleF, nleG8,
nleGl, nleB, and espL) and nine (CRa9: nleF,
nleG8, nleGI, nleB, espL, nleG7, espF, espN, and
espJ) mutations, while discarding those super-
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sets of colonization-inefficient mutants already
in the dataset [external table (54)]. We gen-
erated the strains and their intermediates
(CRal to CRa9), infected groups of five mice,
and measured bacterial shedding at 8 DPI
(Fig. 7E). Strains CRa5 to CRa9 did not colonize
efficiently, as predicted by the model. None-
theless, CRa4 (lacking nleF, nleG8, nleGI, and
nleB), which ranks in second place among the
four-effector mutants, shed above the 10° CFU/
GoF threshold, revealing context-dependent
EspL essentiality (Fig. 7E). Notably, of the 13
Shigella flexneri effectors that are functionally
conserved with C. rodentium, four are deleted
in CRa5 (table S11).

Thus, C. rodentium has acquired a collection
of sophisticated effectors that can generate
an enormous number of effector combinations
with sufficient robustness and flexibility, which
could also potentially contribute to host spec-
ificity. To test this hypothesis, we constructed
a C. rodentium strain expressing the EPEC
E2348/69 effector repertoire (CREP) (Fig. 2F
and table S11). Infection of mice with CREP
resulted in colonization at the 10”7 CFU/GoF
borderline, which implicates effector networks
in host adaptation (Fig. 7F).

Discussion

The aim of this study was to test the hy-
pothesis that T3SS effectors form robust net-
works inside mammalian host cells. Using
C. rodentium as a model, we first identified
two additional effectors, NleN and NleO. From
the complete set of 31 effectors, we generated
>100 effector mutant combinations. We char-
acterized the effect of contraction on the func-
tionality of the effector network in vivo and
established a model to predict host-pathogen
interaction outcomes. This approach for inter-
rogating biological networks exposed code-
pendencies and context-dependent relationships
in a native biological setting, while showcasing
the robustness of T3SS effector networks (refer
to the model in Fig. 8). The fact that the vastly
different immune responses generated by WT,
CR14, and CRi9 induced protective immunity
illustrates the inherent flexibility and adapt-
ability of the host in fighting infections by
pathogens that are constantly evolving and
expressing diverse effector networks. The robust-
ness of host immune responses to gut infections
is illustrated by the subtle differences in cytokine
secretion and immune cell infiltration seen once
the WT, or the perturbed effector network in
CRi9, are overlaid on IFN-y KO mice.

We used two distinct pathways to contract
and test the robustness of an effector network.
Unexpectedly, the initial approach revealed
that contracting the network by 60%, through
deletion of nleL, espK, espM3, espV, espS, espL,
nleG1, espG (CR7), espH, map, espN, nleDI and
nleD2 (CR12), nleK, espJ, nleG7, nleF, or nleH
and nleN (CR14), did not substantially affect
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virulence. However, CR14: was the limit of the
effector network robustness because it did not
tolerate further contractions. Notably, a network
missing 10 key effectors modulating immune
responses (CRi9) also enabled colonization.
While performing the second round of contrac-
tions, we confirmed that NleC and NleE target
NF-kB in vivo. Deleting espF from CR7, as well
as nleC and nleE from CR12 or espO from CRi9,
but not from WT, resulted in shedding below
the threshold. Thus, the outcome of infection
may depend on a fine balance between effectors
with diverse activities within a given network.

The phenomena of context-dependent effec-
tor essentiality and network robustness be-
comes prominent by analyzing the intricate
functions of the multiple effectors affecting
cell survival pathways. As was seen in Yersinia
(55, 56), it might be expected that inhibition
of the prosurvival NF-xB by NleC and NleE
during WT C. rodentium infection would lead
to cell death. However, because no IEC death
is seen during C. rodentium infection (57),
inhibition of prosurvival processes seems to
be mitigated by NleF, NleB, and EspL, which
block activation of cell death pathways (1, 19).
In agreement with this hypothesis, whereas
removal of NleC and NleE was tolerated in WT
(expressing the cell death inhibitor effectors),
it was not tolerated in CR12, which is missing
EspL and NleF. Moreover, deletion of both NleB
and EspL was not tolerated in CRa5, which ex-
presses the prosurvival effector inhibitors. Thus,
using our approach, we could infer these types of
effector relationships from in vivo colonization
phenotypes. More data and further permuta-
tions are needed for this kind of analysis to be
applied to other effector combinations.

Studying individual effectors in vivo provides
a simplified interpretation of their function,
devoid of effector interdependency or leverag-
ing capability, with the exception of master
effectors, which form essential nodes within
all networks. In C. rodentium, the master ef-
fectors include Tir, EspZ, and NleA (also known
as Espl) (Fig. 8), which, in this order, are the
three most efficiently translocated effectors
(57). Although Tir (30) and EspZ (35) target the
plasma membrane, the translation and trans-
location of NleA, which targets COPII vesicles
(84), is coupled to the injection of Tir (58). These
essential effectors—Tir, EspZ, and NleA—are
common between C. rodentium and EPEC; how-
ever, reducing the C. rodentium effector network
to the size of the E2348/69 network did not en-
able efficient colonization, which suggests that
effector networks are involved in host adap-
tion. Applying the effector network principle
to other pathogens could explain the processes
leading to host specification of Salmonella
enterica serovar Typhi through progressive
effector pseudogenization (59).

Within the differentially regulated pathways,
the increased abundance of NFKBIZ (also known
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as IkB{), which is known to associate with the
P50 subunit of NF-xB and has been associated
with IBD (60-62), could play a role in the
regulation of proinflammatory mediators (e.g.,
IL-6). Whereas several cytokines and Toll-like
receptor (TLR) ligands, including IFN-y and
LPS, induce Nfkbiz expression, IL-17 stabilizes
its intrinsically unstable mRNA (60, 63, 64).
The higher levels of Nfkbiz transcripts seen
exclusively in CRi9, which triggers heightened
secretion of both IFN-y and IL-17 and expres-
sion of proinflammatory genes, validate the
functionality of the rewired cytokine signaling
circuit. In particular, CR14, CRi9, and CRAmap/
AespF triggered the secretion of distinct cyto-
kines and the recruitment of immune cell popu-
lations. The absence of the immuno-modulatory
effectors in CRi9 affected local secretion of
TNF, IL-17A, 11-22, and IFN-y by lymphocytes.
The elevated levels of these cytokines did not
significantly affect recruitment of myeloid cells
to the mucosa (although the number ¢DCs
increased), which suggests that the levels of
these cytokines in mice infected with WT C.
rodentium are at saturation or that myeloid
cell recruitment peaks before 8 DPI. Although
we did not detect great differences in T cell
and NK cell recruitment between WT and
CR14, their numbers increased in mice infected
with CRi9, which could be the source of the
elevated cytokines.

How modulation of signaling by effectors in
IECs translates to changes in cytokine secre-
tion from immune cells remains unclear. The
use of CRAmap/AespF could provide a partial
answer. Map and EspF disrupt the mitochon-
dria (53) and TJs (65), which induces localized
oxygenation of the microenvironment (23) and
penetration of luminal metabolites to the sub-
mucosa (31, 65). Because single map and espF
mutants trigger typical CCH, we hypothesize
that they trigger a synergistic signal that ac-
tivates DCs, leading to secretion of IL.-23 and
resulting in IL-22 release from ILC3 or T cells
(19). Notably, unlike WT, IL-22 KO mice do not
succumb to infection with AespF (31), which
suggests that IL-22 is needed to repair the
EspF-induced damage to TJs. Another clue to
this question could be found in the differential
activation of LXR by CRi9. In addition to their
roles in cholesterol efflux and lipid metabo-
lism, LXRs are considered anti-inflammatory
transcription factors, repressing the expres-
sion of inflammatory genes such as Nos2,
and regulators of innate and adaptive immune
responses (46, 66). Although most of the studies
have been performed in macrophages and,
more recently, other immune cells such as T
cells (67), it is likely that reduced LXR acti-
vation in IECs contributes to the exacerbated
immune response triggered by CRi9.

Although infection with WT resulted in
reduced levels of GM-CSF compared with
mock-infected control mice, its secretion was
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increased ~40-fold in CR14. Unexpectedly, this
phenotype coincided with significantly lower
recruitment of neutrophils and monocytes-
macrophages to the colonic mucosa. Testing
our intermediate mutants showed that dele-
tion of map from CR7, but not a single map
mutant strain, was responsible for the reduced
secretion of GM-CSF. Because qPCR revealed
that infection with WT, CRi9, and CR14: leads
to similarly lower levels of Csf2 expression in
IECs, the source of secreted GM-CSF is likely
resident or recruited immune cells. We used CR7
and CR8 to determine whether the level of GM-
CSF directly affects immune cell recruitment.
The fact that both CR7 (low GM-CSF) and CR8
(high GM-CSF) triggered low infiltration of myeloid
cells and lymphocytes into the colonic tissue dis-
sociates GM-CSF secretion from cell recruitment.
We used our database in conjunction with
the published activities of the effectors to train
a ML model that predicts colonization success
of previously uncharacterized mutant combi-
nations. The prior biological knowledge mapped
into the architecture of the neural network and
the fixed and sparsely connected structure made
the model easier to train despite the small
dataset. Our algorithm differs from that used
by Eetemadi and Tagkopoulos (68) because it
only requires a single macroscopic output (colo-
nization) instead of intracellular genetic mea-
sures. The predictive power of this approach is
demonstrated by the validated discovery of
the combination of effector gene mutations of
CRa5 (nleF, nleG8, nleGIl, nleB, and espL),
which failed to colonize. Because the deletions
in CRa5 include effector genes deleted from
CR14 (nleG8, nleG1, espL, and nleF) and CRi9
(nleB, espL, and nleF), which are able to colo-
nize, it would not have been an obvious com-
bination of deletions to test without the aid of
the model. CRa5, which is unable to colonize,
lacks the best-ranked nonessential effector
NleF and the effector pairs NleG8-NleG1 and
NleB-EspL, thus supporting the predictions.
The fact that CRa4 did colonize further sup-
ports the importance of the NleB-EspL pairing.
Thus, the model has been much more efficient
in finding a small set of mutations that reduce
the colonization success compared with the
empirical process of producing CR14: and CRi9.
We anticipate that by extending the dataset
with further mutant combinations, adding
new nodes to the graph, and further resolving
relationships such as temporal progression of
infection and immune responses, we will be
able to fine-tune the algorithm to better
predict how different effector combinations
will translate into infection outcomes and
pathogen-host interactions in vivo.

Materials and methods
Bacterial cultures

Bacterial strains used in this work are listed
in table S5. Strains were grown at 37°C on
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Lysogeny broth (L.B) agar plates (1.5% w/v), in
liquid LB, or Dulbecco’s modified Eagle’s me-
dium (DMEM). Nalidixic acid (Nal, 50 ug/ml),
gentamicin (Gm, 10 ug/ml), and streptomycin
(Sm, 50 pg/ml) were added for plasmid or
strain selection, as required. For infection of
CMT-93, C. rodentium strains were grown for
8 hours at 37°C (200 rpm) in a flask with 10 ml
of liquid LB, inoculated in capped Falcon tubes
(BD Biosciences) with 5 ml DMEM, and in-
cubated overnight (o/n) at 37°C in a CO, in-
cubator (static) for the induction of the T3SS.

DNA constructs, oligonucleotides, and
generation of mutants

Plasmids used in this study are listed in table
S5. Strains E. coli DHIOBTIR or CCI118\pir (69)
were used as host for the cloning and prop-
agation of plasmids. The homology regions
(HR) for the deletion of effector genes were
designed using Benchling software to be flank-
ing each target gene, taking the 300 base pairs
(bp) upstream HR just before the start codon
and the 300 bp downstream HR just after the
stop codon. HRs were synthesized through
DNA synthesis (Thermo) and cloned into the
SacI-Sphl sites in pSEVA612S (70). PCR re-
actions were performed with Taq 2x Master
Mix (NEB) for standard amplifications in
screenings. All DNA constructs were fully
sequenced (Eurofins).

Genes were deleted via tri-parental conju-
gation. Briefly, 20 ul of the helper strain E. coli
1047 pRK2013 were incubated with 20 ul of
the donor strain (E. coli CC118-Apir pSEVA612S)
for 2 hours at 37°C on LB agar. Next, 40 ul of
the receiver strain (indicated C. rodentium
strain with pACBSR) was added and the plate
incubated for 4 hours at 37°C. Conjugants
were selected on LB+Gm-+Sm. To remove Gm
resistance, conjugants were grown on 5 ml
of liquid LB+Sm, supplemented with 0.4%
L-arabinose, for 8 hours to induce expression
of the I-Scel endonuclease from pACBSR, and
streaked on LB+Sm plates. To remove pACBSR,
strains were passaged several times in liquid
LB, and bacteria sensitive to Sm were selected.
Deletion mutants were screened by PCR for
confirmation of the deletion using primers listed
in table S5. All plasmids and deletion mutants
were confirmed by sequencing (Eurofins).

ML for effector prediction

To predict T3SS effectors, we developed ML
classification algorithms, similar to the ones
we have previously described (77-75). The
positive training data included 28 ORFs that
were known to encode T3SS effectors. The
negative training data included 1568 ORFs
that had high sequence similarity (E value of
0 and minimum coverage of 70%) to ORFs in
the nonpathogenic E. coli K12 genome (acces-
sion no. NC_000913.3). The full lists of positive
and negative training sets are available in table

Ruano-Gallego et al., Science 371, eabc9531 (2021)

S2. In total, 66 features were used for this ML,
including homology (to C. rodentium effectors,
to T3SS effectors of other mammalian patho-
genic bacteria, to the host proteome, and to
proteomes of 13 related Citrobacter strains
without T3SS and five other bacteria with
T3SS), composition [amino acid composition,
guanine + cytosine (GC) content], and location
in the genome (i.e., distance from known
T3SS effector genes). Features were considered
on the basis of their ability to discriminate
effectors from noneffectors.

Homology features were extracted using
BLASTD, such that for each dataset two features
were obtained: the number of homologs in the
datasets and the bit score of the best hit. These
features were extracted for each ORF against
three datasets: (i) effectors in C. rodentium; (ii)
effectors in other bacteria; and (iii) the host
proteome. The third dataset was used because
effectors tend to encode eukaryotic motifs, which
allow them to interact with host proteins.

Features related to the evolutionary con-
servation of putative effectors were also com-
puted. (i) For each ORF, we calculated whether
a homologous sequence exists in Citrobacter
strains that do not encode T3SS. Specifically,
this feature records the number of proteomes
among the following 13 strains in which a
homolog is found: C. amalonaticus FDAARGOS
122, C. braakii FDAARGOS 253, C. europaeus
67A, C. farmer AUSMDUO00008141, C. freundii
CRCB-101, C. gillenii UMG736, C. koseri ATCC
BAA-895, C. murliniae PO8OC, C. pasteurii
UMH17, C. portucalensis FDAARGOS 738, C.
sedlakii MGYG-HGUT-01700, C. werkmanii BF-
6, and C. youngae NCTC13709. It was calculated
using BLASTp when a homolog was considered
if the E value was <0.01. (ii) We ran BLASTp
against the proteomes of five bacteria that
encode a T3SS (specifically, Shigella flexneri
5b, Shigella dysenteriae, Salmonella enterica
Typhimurium, E. coli O157:H7, and E. coli
0127:H6) and looked for homologs in each.
For each ORF we computed a binary feature
for each of these datasets—1 if such a homolog
was found in this bacterium and O otherwise.
The values of these features for the effectors,
representing their evolutionary conservation,
are available in table S3.

GC content was calculated for each ORF and
was used as a feature because some effectors
tend to have atypical low GC content com-
pared with noneffectors (suggesting that these
effectors were obtained through lateral gene
transfer) (71, 76, 77). Twenty features, which
are the frequencies of each amino acid across
the entire ORF, were also computed. The same
20 features were also computed for the N ter-
minus of the protein, as the secretion signal of
type 3 effectors resides in the N terminus.
Biochemical characteristics of the N terminus,
such as hydrophobicity and hydrophilicity, were
calculated using AA index (78). Moreover, a
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feature that reflects the similarity of the
amino acid profile of a given ORF to either
effectors or noneffectors was computed. Spe-
cifically, a profile of amino acids frequencies
was computed for each ORF and compared
with the average amino-acid frequency profile
of effectors and of noneffectors. Two Euclid-
ean distances were then computed: between
the amino acid profile vector of the given ORF
and the average profile of effectors and non-
effectors, respectively. The difference between
these distances reflects the similarity to one of
the groups compared with the other and was
used as a feature.

Another group of features used were the
genome organization features: effector-encoding
genes tend to reside physically close to other
effector genes in the genome, compared with
noneffectors (71, 79). Hence, for each ORF we
computed two groups of genome-organization
features: (i) distance from closest effector
(i.e., number of ORFs separating the ORF for
which this feature is computed from the closest
effector-encoding ORF) and (ii) number of
effector-encoding genes in the proximity of
K ORFs, for K = 5, 10, 15, 20, 25, or 30. The
complete list of features and their values for
all the ORFs is given in table S3. Features were
extracted using in-house Python scripts. The
result of each ML run is a score for each ORF,
reflecting its likelihood to encode a T3SS ef-
fector. We evaluated several classification algo-
rithms: random forest (80), support vector
machine (81), K nearest neighbors (KNN), linear
discriminate analysis (LDA), logistic regression
(LR) (as described in (82), and Voting, which
predicts by averaging over all other ML algo-
rithms. For each run, feature selection was
performed. The ML algorithms and feature
selection were based on the Scikit-learn module
in Python (83). The area under the precision-
recall curve (AUPRC) score over 10-fold cross-
validation was used as a measure of the classifier
performance. By weighting the predictions of
the above algorithms, ML predictions in this
study were based on the Voting algorithm as it
gave the highest AUPRC score (a perfect 1.0).

TEM translocation assay

Swiss 3T3 cells were seeded in triplicate in a
black-walled 96-well plate at 7 x 10* cells per
well in DMEM (4500 mg of glucose per liter)
supplemented with glutaMAX and 10% fetal
bovine serum (FBS) and incubated o/n at 37°C
with 5% (v/v) CO,. WT C. rodentium was grown
to saturation at 37°C with 200 rpm agitation for
8 hours before subculturing 1:500 for 16 hours
in DMEM with 1000 mg of glucose per liter at
37°C, 5% (v/v) CO2, static to induce expression
of the T3SS. Cells were infected with the
induced culture at a multiplicity of infection
(MOI) of 100, confirmed by retrospective plat-
ing. The plate was centrifuged at 1000 rpm for
5 min to synchronize infection. Cells were
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cultured at 37°C with 5% (v/v) CO, for 2 hours
before effector-TEM-1 expression was induced
with 1 mM isopropyl-B-D-thiogalactopyranoside
(IPTG) and incubated for a further 1.5 hours.
Cells were washed in Hanks’ balanced salt
solution (HBSS) and incubated with freshly
prepared HBSS supplemented with 6 mM
probenecid (Sigma-Aldrich), 20 mM HEPES
and 1 x CCF2/AM (ThermoFisher Scientific)
(table S12, key resources table) in the dark for
1.5 hours. Cells were again washed in HBSS
and fluorescence was measured using a Fluostar
Optima (BMG Labtech, United Kingdom) at
450 and 540 nm. Graphs display the response
ratio, which is defined as the 450/540 nm
emission ratio, adjusted for background fluo-
rescence from uninfected cells.

Phylogenetic analysis

Full-length effector protein queries were sub-
mitted to NCBI BLAST. The NleO cladogram
was created with the first 100 BLASTp hits
using ROD_40891 (N1eO) as the query sequence.
The tree was generated using NGPhylogeny.fr
using default settings (84), and visualized using
iTOL (85) (table S12, key resources table). For
the NleN multiple sequence alignment (MSA), the
primary sequences from relevant C. rodentium
ROD_48841 (NleN) homologs in enteric patho-
gens were identified by PSI-BLAST and aligned
using Clustal Omega v1.2.4 (86), with the de-
fault settings for proteins; JalView (87) was
used for visualization.

C. rodentium infections of CMT-93 cells

The mouse cell line CMT-93 was grown in
DMEM supplemented with 10% fetal bovine
serum and 2 mM glutamine at 37°C in a 5%
CO, incubator. For infection, cells were seeded
out on glass coverslips in 24-well plates at a
concentration of 10° cells/well. One hundred
microliters of the o/n cultures were added to
fresh medium in each well (MOI of 100). Plates
were centrifuged at 1000 rpm for 5 min at room
temperature (RT) and incubated for 4 hours
at 37°C in a 5% CO, atmosphere. The in-
fection was stopped with three washes with
sterile phosphate-buffered saline (PBS). Cells
were fixed with 4% (w/v) paraformaldehyde in
PBS for 20 min at RT and permeabilized in
0.1% (v/v) of Triton X100 in PBS for 10 min. All
antibodies were diluted in PBS with 1% bovine
serum albumin (BSA), and rabbit polyclonal
anti-C. rodentium (1:500) was used for detec-
tion. After incubation for 1 hour at RT, cover-
slips were washed three times with PBS, and
incubated for 45 min with secondary antibody,
Alexa647-conjugated anti-rabbit IgG, and Tetra-
methylrhodamine (TRITC)-conjugated phalloidin
(1:500) and 4/,6-diamidino-2-phenylindole (DAPT)
(1:500) to label F-actin and DNA, respectively
(table S12, key resources table). Coverslips were
washed three times with PBS after incubation,
mounted in ProLong Gold antifade reagent
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(Thermo), and analyzed with a Zeiss AxioVision
Z1 microscope (Zeiss) and ImageJ software.

Mouse infections

All animal experiments complied with the
Animals Scientific Procedures Act 1986 and
U.K. Home Office guidelines and were approved
by the local ethical review committee. Experi-
ments were designed in agreement with the
ARRIVE guidelines (88) for the reporting and
execution of animal experiments, including
sample randomization and blinding. Mouse ex-
periments were performed with five mice per
group. Pathogen-free female 18 to 20 g C57BL/6
mice (Charles River Laboratories) and Ifng KO
(and littermate controls) (The Jackson Labora-
tory) were housed in high-efficiency partic-
ulate air (HEPA)-filtered cages with sterile
bedding and given food and water ad libitum.
For infections, the respective C. rodentium strains
were grown o/n in 15 ml of LB (50 ml capped
Falcon tubes) at 37°C and 170 rpm. The next day,
the tubes were centrifuged, and the pellet was
resuspended in 1.5 ml of sterile PBS. Mice were
infected by oral gavage with 200 ul of this solu-
tion (10° CFUSs). Infections were followed by plating
mouse stools at 3, 6, 7, and 8 DPIL, and mice were
culled at 8 DPI, unless otherwise indicated. Colons
were extracted for downstream processing.

In the experiments shown in Fig. 2E, mice
were infected with the indicated C. rodentium
strains as described above. On day 3 after in-
fection, mice were given 10 mg/kg of the IKK
inhibitor BMS-345541, or vehicle alone, via oral
gavage. BMS-345541 solution was prepared im-
mediately before administration and dissolved
in 2% DMSO, 30% PEG 300, and 2% Tween80
in water. For the experiment described in Figs.
3,4, and 5; figs. S3 and S4; and fig. S5, A and B,
15 mice were infected with strains CR14 and
CRi9, whereas five mice were infected with
ICC169 and five mice were mock-infected with
PBS. Five mice from each group showing a
similar infection pattern were selected for
further analysis (for reproducibility). At 8 DPI,
the colon was extracted, and the distal 0.5 cm
was used for histological analysis. The next 4 cm
were divided in two, longitudinally. The first half
was dedicated for extraction of IECs, and the
second half was used for explant analysis. For
the experiments described in Fig. 5, E and F,
mice infections were followed until total clear-
ance of the bacteria, defined as three consecutive
C. rodentium negative stool samples; mice were
then reinfected with WT strain ICC169 to follow
bacterial shedding for an additional 8 days. In
the experiments using the CRAmap/AespF
shown in Fig. 6 (and fig. S6, E to G), only results
from mice colonized above the threshold (10” CFU/
GoF) were analyzed (for reproducibility).

Histological analysis and immunostaining

The distal 0.5 cm of the colon was fixed in 4%
paraformaldehyde (PFA) for 2.5 hours and
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then submersed in 70% ethanol. Fixed tissues
were processed, paraffin embedded, and sec-
tioned at 5 um. The sections were then stained
with either hematoxylin and eosin (H&E) or
processed for immunofluorescence. Crypt hyper-
plasia was determined by measuring the lengths
of at least 10 well-oriented crypts from a H&E-
stained section of each mouse. All histological
sections were evaluated blindly, and the mean
of each mouse was plotted for statistical analysis.
For immunofluorescence, sections were dewaxed
by submersion in Histo-Clear solution (VWR)
twice for 10 min, 100% ethanol twice for 10 min,
95% ethanol twice for 3 min, 80% ethanol once
for 3 min, and PBS-0.1% Tween 20-0.1% saponin
(PBS-TS) twice for 3 min. Subsequently, sec-
tions were heated for 30 min in demasking
solution (0.3% trisodium citrate-0.05% Tween
20 in distilled H,0). Once cooled, slides were
first blocked in PBS-TS supplemented with
10% normal donkey serum (NDS) for 20 min
in a humid chamber, before being incubated
with primary antibody diluted in PBS-TS with
10% NDS for 1 hour. Sections were incubated
with anti-PCNA antibody (1:500) and anti-
intimin (1:50) or phospho-MLKL (P-MLKL)
(1:50). To take into account CCH, the mean
percentage of MLKL-P positive (MLKL-P*)
cells per micrometer of crypt for each mouse
was calculated by dividing the total number of
MLKL-P-positive cells counted in each of the
well-oriented crypts by the total crypt length
of the crypt (in micrometers) from which they
were counted. Slides were rinsed twice for 10 min
each time in PBS-TS, followed by incubation
with secondary antibodies (1:100) and DAPI
(1:1000) (details about the reagents used and
antibodies can be found in table S12). Washing
steps were repeated before slides were mounted
with ProLong Gold antifade mountant (Thermo
Fisher Scientific). Images were acquired using
a Zeiss AxioVision Z1 microscope, using an
AxioCam MRm camera, and processed using
Zen 2.3 Blue Version (Carl Zeiss Microlmaging
GmbH, Germany).

ELISA for fecal samples

Weighed mouse stool samples were homog-
enized in PBS with 0.1% Tween 20 (PBST)
using a vortex machine for ~15 min at RT,
where 1 ml of PBST was added per 0.1 g of
stool. Samples were centrifuged at 16,000 rpm
for 10 min to remove fecal debris, and the
supernatant was stored at —80°C. The concen-
tration of fecal SI00A8 was determined with the
DuoSet mouse S1I00A8 ELISA (R&D Systems;
table S12). The assay was performed following
the manufacturer’s recommendations. Readings
were obtained using a FLUOstar Omega micro-
plate reader (BMG biotech).

Extraction of IECs for proteomics

At 8 DPI, a 4-cm segment of terminal colon
was cut longitudinally and half of it was placed
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in 4 ml of enterocyte dissociation buffer (1x
HBSS without Mg and Ca with 10 mM HEPES,
1mM EDTA, and 0.5% of p-mercaptoethanol),
and incubated at 37°C with shaking for 45 min.
The remaining tissue was removed and stored
at —80°C and detached IECs were collected by
centrifugation (2000 x g for 10 min), followed
by three washes with ice-cold PBS; cells were
centrifuged at 4°C after the first spin. IEC
pellets were stored at —80°C until proteomics
analysis.

Sample preparation and TMT labeling

For the final analysis, we included mice in
which satisfactory colonization level after the
infection was reached (>1 x 10” CFU/GoF by
8 DPI). IEC pellets isolated from five mice per
condition per biological replicate were solu-
bilized using probe sonication in lysis buffer
[100 mM triethylammonium bicarbonate (TEAB),
1% sodium deoxycholate (SDC), 10% isopropanol,
50 mM NacCl] supplemented with Halt Prote-
ase and Phosphatase inhibitor cocktail (Ther-
mo Scientific), boiled for 5 min at 90°C, and
sonicated once more. Protein concentration was
measured with Coomassie Plus assay (Thermo
Scientific) following manufacturer’s protocol.
One hundred micrograms of protein, with
an equal contribution from each individual
mouse within the group, were reduced with
5 mM tris-2-carboxyethyl phosphine (TCEP)
for 1 hour, followed by alkylation with 10 mM
iodoacetamide (IAA) for 30 min, then digested
by adding trypsin (Pierce) at final concentra-
tion 75 ng/ul to each sample and incubating
the samples for 18 hours at RT. Peptides were
labeled with tandem mass tag (TMT) multiplex
reagent (Thermo Scientific) following manu-
facturer’s protocol. SDC was precipitated with
formic acid (FA) at final concentration of 2% (v/v)
and centrifugation for 5 min at 10,0000 rpm.
Supernatant containing TMT-labeled peptides
was dried with a centrifugal vacuum concentrator.

High-pH reversed-phase peptide fractionation
and liquid chromatography—mass
spectrometry analysis

Before mass spectrometry (MS) analysis, TMT-
labeled peptides underwent high-pH reversed-
phase (RP) fractionation using the Waters
XBridge C18 column (2.1 x 150 mm, 3.5 um) on
a Dionex Ultimate 3000 high-performance
liquid chromatography (HPLC) system. Mobile
phase A was 0.1% ammonium hydroxide,
whereas mobile phase B was 100% acetonitrile
and 0.1% ammonium hydroxide. The peptides
were separated with a gradient elution at 200 pl/
min including the following steps: isocratic
for 5 min at 5% phase B, gradient for 40 min
to 35% phase B, gradient to 80% phase B in
5 min, isocratic for 5 min, and re-equilibrated
to 5% phase B. Fractions were collected in a 96-
well plate every 42 s to a total of 65 fractions,
then concatenated into 28 fractions, dried,

Ruano-Gallego et al., Science 371, eabc9531 (2021)

and reconstituted in 50 ul 0.1% formic acid.
The samples were analyzed on an Orbitrap
Fusion and Orbitrap Fusion Lumos Trybrid
mass spectrometers. A Dionex Ultimate 3000
system and and mass spectrometer (Thermo
Scientific) were used for data acquisition. From
each fraction 10 ul was injected onto a C18
trapping column (Acclaim PepMap 100, 100 um x
2 cm, 5 um, 100 A) at a 10 ul/min flow rate. The
samples were subjected to a low-pH gradient
elution on a nanocapillary reversed phase column
(Acclaim PepMap C18, 75 um x 50 cm, 2 um,
100 A) at 45°C. Mobile phases A and B were
0.1% formic acid and 80% acetonitrile, 0.1%
formic acid, respectively. The separation was
performed at 300 nl/min flow rate and 90 min
gradient from 5 to 38% phase B followed by
10 min up to 95% phase B, isocratic for 5 min at
95% B, re-equilibrated to 5% phase B in 5 min,
and isocratic for 10 min at 5% phase B. MS1
scans were collected with mass resolution of
120,000, automatic gain control of 4 x 10°, and
injection time of 50 ms. Precursor ions (Top
Speed mode, 3 s) were fragmented with collision-
induced dissociation (CID) with a quadrupole
isolation width of 0.7 Th (Thomson unit). Col-
lision energy was set at 35%, with AGC at 1 x

10* and IT at 50 ms. Quantification was ob-
tained at the MS3 level with higher-energy
collisional dissociation (HCD) fragmentation
of the top seven most abundant collision-
induced dissociation (CID) fragments isolated
with synchronous precursor selection (SPS).
Quadrupole isolation width was set at 0.7 Th,
collision energy was applied at 65%, and the
AGC setting was at 1x 10° with IT at 105 ms.
The HCD MS3 spectra were acquired for the
range 100 to 500 m/z with a resolution of
50,000. Targeted precursors were dynamically
excluded for further fragmentation for 45 s
with 7 ppm mass tolerance.

Protein identification and TMT-based quantification

Tandem mass spectrometry (MS/MS) spectra
were searched against UniProt annotated
reference proteomes of Mus musculus and
C. rodentium in Proteome Discoverer v2.3 and
v2.4 (Thermo Scientific) with the SEQUEST-HT
engine using following parameters: 20 ppm
precursor mass tolerance and 0.5 Da fragment
ion mass tolerance, the static modifications
were specified as carbamidomethylation of
Cys residues and TMT modification of peptide
N-term and Lys residues, and dynamic mod-
ifications were specified as oxidation of Met
and deamidation of Asp and Glu residues. The
search was restricted to fully tryptic peptides
with maximum of two missed-cleavages. Based
on the g value and decoy database search con-
fidence of peptide discovery was estimated at
1% FDR with percolator node. The reporter ion
quantifier node included a TMT-10-plex quan-
tification method with an integration window
tolerance of 15 ppm and integration method
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based on the most confident centroid peak at
MS3 level. Protein groups with only unique
peptides were used for quantification.

Proteomics data normalization, analysis,
and visualization

To compare the results between sample batches,
the datasets were normalized in various steps.
For proteins with at least 60% of the TMT
channels present, the remaining missing values
were replaced with the minimum value in the
TMT batch. For mouse proteins, normalization
factor for each condition was calculated by
the sum of all raw abundances in each TMT
channel and dividing it by the maximum
sum within given TMT-plex. To correct for
the bacterial load variation in the different
strains of C. rodentium, the median abundances
of the Citrobacter proteins were computed
per TMT channel and regressed out from each
Citrobacter protein across samples. For %CV
calculations and PCA, each biological group
was centered to its mean within their respec-
tive TMT-batch. For further analysis, the nor-
malized data were used to compute log, ratios
versus the uninfected samples.

For further analysis, the technical replicates
of the same biological repeat included in both
TMT batches were averaged. Gene ontology
(GO) terms slim name, InterPro name, KEGG
name, Keywords name, Pfam name, Reactome
name, and SMART name enrichment analysis
was performed with one-dimensional (1D)-
annotation enrichment method (89) in the
Perseus software (90).The data were visualized
using the online Phantasus tool (9I) (table S12,
key resources table). Terms with significant
positive enrichment were addressed as up-
regulated and those with negative enrichment
as down-regulated. All terms were filtered for
a Benjamini-Hochberg FDR of <0.05. Infec-
tion signature and differential expression
P values were calculated using one-sample
t test and two-sample ¢ test, respectively, in the
Perseus proteomic tool. The MS proteomics
data have been deposited to the ProteomeX-
change Consortium via the PRIDE (92) part-
ner repository.

RNA isolation and reverse transcription
quantitative PCR (RT-qPCR)

RNA from lysed IECs and intimately attached
C. rodentium was isolated using the RNeasy
minikit (Qiagen) following the manufacturer’s
instructions, and RNA concentration was
determined using a Nanodrop 2000 spectro-
photometer (ThermoFisher Scientific). One
microgram of RNA was treated with RQ1 RNase-
free DNase for 30 min (for mouse transcript
analysis) or 1 hour (for C. rodentium transcript
analysis) at 37°C (Promega), and subsequently,
cDNA was synthesized using a Moloney murine
leukemia virus (MMLYV) reverse transcription
kit (Promega) following the manufacturer’s
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protocol. As a negative control to check for the
presence of remaining DNA, a reaction mix-
ture without the MMLYV reverse transcriptase
was also included (NRT). qPCR was per-
formed using PowerUp SYBR green master mix
(ThermoFischer Scientific) and the correspond-
ing primer pairs to the gene being tested (table
S12, key resources table); the assay was run
on a StepOnePlus System (Applied Biosystems)
and results were analyzed using the StepOne
software (Applied Biosystems). Relative gene
expression levels were analyzed by using the
272¢T (where CT is threshold cycle) method
for bacterial genes and 27T for mamma-
lian genes. The specificity of the primers
against bacterial RNA was tested (i) using
the NRT sample as a negative control and
(ii) performing the qPCR in uninfected IEC
samples, where the CT values obtained were
undetectable or very high.

Cholesterol assay

Total serum cholesterol (cholesterol esters and
free cholesterol) was quantified using a color-
imetric reaction, as per manufacturer recom-
mendations (Cell Biolabs) (table S12, key
resources table). The colorimetric signal was
analyzed using a FLUOstar Omega microplate
reader (BMG biotech) in the 540 to 570 nm
range.

Explant and serum cytokines and chemokines

Blood from mice was extracted after cervical
dislocation and allowed to coagulate at RT for
at least 3 hours. Blood was then centrifuged at
2000 rpm for 15 min to pellet the blood clots,
and the supernatant (serum) was collected
and immediately stored at —80°C for later use.

For explants colon tissue without feces was
excised, weighed and washed with RPMI
medium with 100 pg/ml of streptomycin and
100 U/ml of penicillin. Tissues were cultured in
RPMI medium for 2 hours to remove residual
cytokines and chemokines present on the cell
surface as a result of the tissue perturbation
and excision. To assess immune activity of the
colonic tissue, the explants were then washed
and placed in fresh complete RPMI media
(0.1 ml of media per 10 mg of tissue) and
cultured for 24 hours at 37°C, 5% CO,. The
supernatant was collected, centrifuged 10 min
at 15,000 rpm to remove cellular debris and
immediately stored at —80°C for later use.

Explant and serum cytokine levels were
assessed from the corresponding samples
via LEGENDplex (custom-made mouse panel
13-plex; BioLegend) kit per manufacturer’s
instructions. The panel included TNF, IFN-y,
1L-22, IL-17A, IFN-B, CXCL1, IL-23, IL-6, CXCLS5,
GM-CSF, 11-27, 11-12p70, and IL-21. Cytokine
levels were acquired using a FACSCalibur flow
cytometer (BD Biosciences), and analyses were
performed using LEGENDplex data analysis
software (BioLegend).
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For each cytokine, a biological repeat was
considered valid only if at least 90% of the
samples were above the limit of detection; any
values below the detection limit within a re-
peat such as this were shown as lowest value
detectable by the assay. In serum, I1-21 was
only consistently within the detection range in
one out of three biological repeats, and thus
values are not shown; IL-12p70 was always
below the detection limit. In explant super-
natants, we only consistently detected TNF,
IFN-y, IL-22, IL-17A, and CXCLI1; CXCL5, IL-21,
and IL-27 were only above the detection limit
in one in three repeats (the rest below the
limit of detection). Notably, IL-23 is detect-
able at 4 DPI in explants supernatants after
C. rodentium WT infection, but not at 8 DPI,
the time point investigated in this study.

The IL-22 and TNF concentration in ex-
plants shown in Fig. 6D was determined using
a Mouse IL-22 DuoSet ELISA and a TNF-a
Mouse Uncoated ELISA Kit following the
manufacturer’s instructions (table S12).

Preparation of cells from colon tissue and
flow cytometry

Colon was extracted, opened longitudinally to
remove feces, and washed in HBSS (Gibco).
Tissue was then chopped into small pieces and
transferred into a c-Mac (Miltenyi Biotec) tube
containing RPMI supplemented with 10% FBS,
penicillin and streptomycin solution (final con-
centration of 100 U and 100 pg/ml, respec-
tively), HEPES (10mM), and Sodium Pyruvate
(ImM), all from Sigma (hereafter called com-
plete RPMI). Complete RPMI supplemented
with Liberase TM (0.13 mg/ml final, Roche)
and DNasel (10 pug/ml; Sigma-Aldrich) was
added, to reach a total of 4 ml of media per
tube (table S12). For the IFN-y KO experi-
ments, IECs were first removed from the tissue
as described above. The tissue was then washed
in RPMI to remove remaining EDTA from
IEC extraction buffer and then sliced and
transferred into a c-Mac tube containing
4 ml of RPMI supplemented with DNasel and
Liberase TM.

A first mild homogenization step was car-
ried out using a gentleMACS dissociator
(Miltenyi Biotec), followed by enzymatic diges-
tion for 40 min on a shaker at 37°C. A second
homogenization step with the gentleMACS
dissociator was performed after addition of
10 mM EDTA to the samples. The cells were
filtered through a 70-um cell strainer, spun
down and resuspended in 600 ul of complete
RPMI. From this point forward, steps were
carried out on ice to preserve the cells.

For staining, ~5 x 10° cells (~100 pl) from
each sample were added per well in a 96-well
V-bottom plate. Dead cells were routinely ex-
cluded with Zombie Aqua Fixable Dead Cell
Stain (ThermoFisher Scientific). Single cell
suspensions were incubated with Fc block
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(Biolegend) in FACS buffer (1 BSA, 2mM EDTA),
followed by staining with the conjugated anti-
bodies indicated in the key resources table in
FACS bulffer, all at 4°C in the dark; FMOs were
always included as controls. Briefly, neutrophils
were defined as CD11b* Ly6G" cells; mono-
cytes/macrophages as CD11b* F4/80" CD64"
cells; conventional dendritic cells ¢cDCs as
CD11b* CD64~ CDIllc" cells; eosinophils as
CDI11b" CDllc™ siglecF *. NK cells were iden-
tified as CD3~ NK1.1" NKp46*; B cells as CD45™*
CD3™ B220 " and T cells as CD45" B220~ CD3"
(either CD4" or CD8™") (gating strategy shown
in fig. S8) Cells were then washed and fixed for
20 min with 1% paraformaldehyde in PBS; after
fixing the cells were kept in the dark at 4°C until
analysis. Single stain controls for compensa-
tion were prepared using VersaComp beads
(Beckman Coulter) and ArC Amine Reactive
Compensation beads (ThermoFisher Scientific)
and flow cytometry analysis on 20,000 live
cells was performed on a BD LSRFortessa cell
analyzer (BD Biosciences). Data were analyzed
using FlowJo software (Tree Star); absolute
numbers of cells in the sample were calculated
using CountBright absolute beads (ThermoFisher
Scientific).

ML algorithm for predicting colonization success

In a preliminary exploration with Weka soft-
ware (93), which included rules, trees, and
Bayesian classifiers, the resulting trained models
relied on untrue relationships between the
deletions in the dataset and were inconsistent
with our knowledge (e.g., setting as essential
some effectors known to be not essential).

We thus restricted a connectionist discrim-
inative classifier to prior knowledge by repre-
senting the known interactions between the
effectors and the mouse IEC intracellular
processes (table S1) as a directed acyclic graph
(fig. S7A). The graph resembles an abstraction
of the real protein interaction network, with
the edges going from the node that influences
to the influenced one, being the 29 effectors
the input nodes (no parents) and colonization
the single output (no children). We omitted
nodes with a single parent—unless it implied
getting an effector directly connected to the
output—and cut any feedback.

The quantitative trainable part was inspired
by feed-forward ANN (94). The value of the
effectors (1 if present, O if absent) is trans-
mitted through the network toward the output
node by performing a calculation with two
steps at every node: (i) a linear combination
over the parent nodes and (ii) a nonlinear
activation function. The weights of the linear
combination are the trainable parameters of
the model. Their sign was restricted in those
cases where the sign of the interaction (positive
or negative) was known. As (i) only includes
first order terms, only additive noncooperative
interactions were modeled, assuming they
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account for the biggest part of the influence.
We selected a saturating exponential with a
[0,1] range as the activation function for
internal nodes. It is biologically meaningful
and simple (needs no additional parameters)
and, to our knowledge, has not been used be-
fore for this aim

fla) = {0ifm< 0

1—-e%ifr=0

A sigmoid is applied at the output node. The
weights were adjusted applying a real-coded
steady-state multipopulation genetic algorithm
(fig. S7B) with binary cross-entropy loss as fit-
ness function. We used proportional roulette-
wheel selection of seven parents; a morphological
crossover operator (MMX) (95) and stochastic
mutation to generate two offspring that deter-
ministically replace the two worst solutions.
Several isolated populations were randomly
and uniformly initialized and then evolved
in parallel, allowing migration at certain time
points. We preset some of the hyperparameters
(95) and manually tuned the rest by a stratified
fivefold cross-validation (Fig. 7B).

To train the model, we prioritized precision
by applying 80% of the fitness cost to the cases
with positive colonization. We created an en-
semble with 50 trained models (suboptimal
but diverse, all with weighted accuracy >90%
in validation set) and averaged their predic-
tions to rank combinations of mutations from
one to nine effectors.

To offset the influence of the training
parameters in the range of values for the colo-
nization outputs, they were normalized in
[0,1] (1 corresponds to the lowest output). Then,
we calculated a score for each effector, as well
as for groups of two and three effectors, by
averaging the mutants that include those dele-
tions. We repeated this process within each
number of deletions (one to nine) and then
averaged to compensate for the different num-
ber of mutants present in each category.

Statistics

No statistical methods were used to determine
sample size. For ELISA and RT-qPCR, two
technical replicates were used to estimate
experimental mean. Statistical significance
between more than two normally distributed
groups was assessed by a one-way analysis of
variance (ANOVA). Statistical analysis of pro-
teomics data are detailed in the section above
(Proteomics data normalization, analysis, and
visualization). When data were not normally
distributed (based on D’Agostino-Pearson or
Shapiro-Wilk normality tests), a logarithm
transformation was applied and were then
analyzed by parametric statistical methods
(ANOVA or student ¢ test). When normality
was not achieved by transformation, a non-
parametric test was applied (Kruskal-Wallis

Ruano-Gallego et al., Science 371, eabc9531 (2021)

test followed by Dunn’s test). One-way ANOVA
was used to analyze microscopy (CCH and %
PCNA), ELISA and LEGENDplex results, cell
recruitment, and RT-qPCRs; when more than
three comparisons were made, P values were
adjusted for multiple comparisons as indicated
in the figure legends (Dunnett’s or Tukey’s post
hoc test). Statistical analysis was only per-
formed with datasets where each group ana-
lyzed had two or more biological repeats. After
the establishment of a colonization threshold
of 10 CFU/GoF (Fig. 1F), colonization data are
mainly used to define successful colonization;
colonization levels between CR14, CRi9, and
CRAmap/AespF are comparable (no signifi-
cant different by one-way ANOVA, corrected
for multiple comparisons by Tukey’s post hoc
test). Data plotting and statistical analysis were
performed using Prism 9.0.0 (GraphPad soft-
ware Inc). Statistical details of experiments are
described in the figure legends. A P value <0.05
is considered statistically significant.
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Decrypting pathogen effector networks

Many disease-causing bacteria use a molecular syringe to inject dozens of their proteins, called effectors, into
intestinal cells, blocking key immune responses. Ruano-Gallego et al. used the mouse pathogen Citrobacter rodentium
to model effector function in vivo. They found that effectors work together as a network, allowing the microbe great
flexibility in maintaining pathogenicity. An artificial intelligence platform correctly predicted colonization outcomes of
alternative networks from the in vivo data. However, the host was able to bypass the obstacles erected by different
effector networks and activate complementary immune responses that cleared the pathogen and induced protective
immunity.

Science, this issue p. eabc9531

ARTICLE TOOLS http://science.sciencemag.org/content/371/6534/eabc9531
,\SA%FE%}\V'LESNTARY http://science.sciencemag.org/content/suppl/2021/03/10/371.6534.eabc9531.DC1
EE&{?TE%? http://stm.sciencemag.org/content/scitransmed/13/575/eaay6621.full

http://stm.sciencemag.org/content/scitransmed/12/570/eabb3791.full
http://stm.sciencemag.org/content/scitransmed/12/568/eaay2104.full
http://stm.sciencemag.org/content/scitransmed/12/567/eaax4905.full

REFERENCES This article cites 124 articles, 34 of which you can access for free
http://science.sciencemag.org/content/371/6534/eabc9531#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

T20Z ‘6T Yose uo /B1o°Brewaousios aouslos//:dny woiy papeojumod

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. The title Science is a registered trademark of AAAS.

Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of
Science. No claim to original U.S. Government Works


http://science.sciencemag.org/content/371/6534/eabc9531
http://science.sciencemag.org/content/suppl/2021/03/10/371.6534.eabc9531.DC1
http://stm.sciencemag.org/content/scitransmed/13/575/eaay6621.full
http://stm.sciencemag.org/content/scitransmed/12/570/eabb3791.full
http://stm.sciencemag.org/content/scitransmed/12/568/eaay2104.full
http://stm.sciencemag.org/content/scitransmed/12/567/eaax4905.full
http://science.sciencemag.org/content/371/6534/eabc9531#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://science.sciencemag.org/

