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Secretion systems play a central role in infectious diseases by
enabling pathogenic bacteria to deliver virulence factors into
target cells. The type VI secretion system (T6SS) mediates
bacterial antagonism in various environments including
eukaryotic niches, such as the gut. This molecular machine
injects lethal toxins directly in target bacterial cells. It provides
an advantage to pathogens encountering the commensal flora
of the host and indirectly contributes to colonization and
persistence. Yet, the T6SS is not employed for the sole purpose
of bacterial killing and several T6SS effectors are dedicated to
the subversion of eukaryotic cells. As described for type Il and
type IV secretion systems, these effectors impede host cell
functions and promote immune evasion, thereby enabling
successful infection.
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Introduction

Bacteria have evolved several strategies and molecular
mechanisms allowing colonization and survival within
diverse hosts. Amongst them, protein secretion systems
exert a critical role and deliver a plethora of enzymes/
toxins/effectors into the environment, a competitor or a
host. In Gram-negative bacteria, the type VI secretion
system ('T'6SS) is a contact-dependent secretion mecha-
nism. It is mainly present in proteobacteria and has
been extensively described as a nano-machine targeting
competing Gram-negative bacteria, thereby mediating

@ CrossMark

bacterial antagonism in various environmental niches.
T6SS-dependent bacterial killing operates via the injec-
tion of an array of toxins targeting various cellular pro-
cesses of the prey. The attacker is protected owing to the
presence of cognate immunity proteins that are absent
from the target cells [1]. Strikingly, these toxins are
crucial for optimal fitness during host colonization where
the pathogen could displace host commensal bacteria
(dysbiosis) [2°] or eliminate bacterial competitors in order
to establish a niche [3°4°].

Genes encoding components of the T6SS, which is
depicted as an intracellular contractile and membrane
bound molecular machine, are found in up to 25% of
Gram-negative bacteria, including several human and
animal pathogens [5]. Although most of these bacteria
harbor a single T'6SS cluster, multiple distinct copies have
been identified within several species. For example Bur-
kholderia pseudomallei and Burkholderia thailandensis dis-
play six and five T6SSs, respectively, and Pseudomonas
aeruginosa possesses three T6SSs (H1-T6SS, H2-T6SS,
and H3-T6SS) [6°,7]. Interestingly, these clusters do not
seem functionally redundant, as in B. thailandensis, T6SS-
1 is used to mediate bacterial antagonism, while T6SS-5
promotes intercellular spreading in infected macrophages
[6°]. Similarly, in P. aeruginosa the H1-T6SS cluster is
devoted to bacterial killing while the H2-T6SS has been
shown to target both prokaryotic and eukaryotic cells
[1,8,9°°]. 'This versatility towards cell targets is also ap-
parent in Vibrio cholerae as its single 'T6SS targets both cell
types [10°°,11]. Based on its distribution across bacterial
phyla, three classes of T6SS have been described in the
literature, namely T6SS', T6SS" and T6SS™, with the
latter two classes only beginning to be characterized.
Class III is restricted to the Bacteroidetes phylum and is
involved in bacterial competition, while class II is found
in one order of y-proteobacteria that includes Francisella
species, and is essential for their virulence [2°,12]. In this
review, we will summarize the role and impact of identi-
fied T6SS's that contribute directly to host cell subversion
and pathogenesis, and detail the activities of the best-
characterized T'6SS anti-host effectors.

The T6SS as a molecular syringe

A clear parallel between key components of the T6SS
and elements of the contractile tail of the T'4 bacteri-
ophage has been established from the beginning of
T6SS research [13]. Initially, a hallmark of this system
was based on an ability to secrete two categories of
proteins iz vitro: Hep (hemolysin co-regulated protein)
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The T6SS secretion system. (a) T6SS spike/tube proteins can be canonical or evolved. Canonical proteins are thought to have solely a structural
or mechanical purpose, while evolved components bear an additional C-terminal domain with catalytic activity. Examples of canonical VgrG, Hcp
and PAAR proteins include V. cholerae O1 bv. El Tor str. N16961 VgrG2; S. enterica serovar Typhimurium LT2 Hcp3; and P. aeruginosa PAO1
PA1508, respectively. The first T6SS effector discovered was V. cholerae VgrG1, which carries an actin cross-linking domain (ACD) [35]. S.
enterica subsp. arizonae (lll) Hcp protein SARI_03217 appears to harbor DUF2235 domain through Phyre analysis [71]. This hydrolase domain
belongs to the T6SS lipase superfamily Tle1, so SARI_03217 may exhibit phospholipase A, activity [8,72]. The P. aeruginosa anti-bacterial toxin
PA0093/Tseb is an evolved PAAR protein with a C-terminal Ntox46 domain. This domain is part of the Toxin_61 superfamily, and degrades NAD*
and NADP™ in targeted bacteria [22,73,74]. (b) Schematic of the T6SS in its contracted state. The tube/spike piece can be decorated with either
effector domains from evolved VgrG, Hcp and PAAR proteins, and possibly cargo effectors as well, giving rise to a modular delivery mechanism
[14,22]. Other cargo effectors may use Hcp as a chaperone, which would enable transit through the nanotube conduit [23], whereas other
chaperone proteins such as Tap/Tec and EagR1 are essential for the secretion of their cognate effector [24-26]. Cognate immunity proteins
protect the donor bacterium from the deleterious effects of the toxins. (c) Representations of the T6SS clusters of V. cholerae and Serratia
marcescens subsp. marcescens Db10, used as examples of bacteria encoding a single T6SS apparatus and which also contain genomic islands
encoding VgrG, Hcp, PAAR, chaperone and effector proteins.

and VgrG (Valine Glycine repeat protein) [10°°]. The
Hcp protein is thought to act as the counterpart of the
gp19 protein forming the tail tube of the T4 bacterio-
phage [13]. This tube is capped by a tail spike, formed
by VgrG proteins, which is further sharpened by a
proline-alanine-alanine-arginine (PAAR) motif-con-
taining proteins [14°°]. The tube and spike are now
considered to be the puncturing device of the machin-
ery that allows the transport and subsequently the
delivery of toxins/effectors into target cells. The

tube/spike structure is propelled from the bacterium
into the target cell by the membrane-associated T6SS
machine, which is composed of at least 13 core com-
ponents generically called T'ss proteins (IFigure 1). The
contraction of the TssB/C sheath, which accommo-
dates the tube/spike, appears to be the driving force
of the T'6SS dynamics [15]. However, the understand-
ing of the assembly and dynamics of the machinery is
still in its infancy, as several components of the appa-
ratus are yet to be fully characterized [16,17].
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A nascent and modular repertoire of T6SS
effectors

VerG proteins are formed by at least two domains similar
to those of the phage spike: the N-terminal gp27-like and
the C-terminal gp5-like domains, which constitute what
we will call the canonical VgrG. However, some VgrGs
present C-terminal extensions adjoining the gp5 region
and which could bear catalytic domains; qualifying them
as potential effectors (Figure 1a) [18,19]. The enzymatic
activity of these ‘evolved VgrGs’ is dispensable for the
puncturing and delivery functions of these proteins [20].
There are recent observations that such catalytic domains
could be fused to other components of the tube/spike,
thus suggesting the existence of evolved Hep and PAAR
proteins [14°°,21]. Importantly, not all effectors are
evolved structural proteins as in numerous cases, distinct
cargo effectors are hypothesized to interact with VgrG,
Hcp or PAAR proteins in an ‘a la carte delivery’ mecha-
nism [14°°,22,23]. The modularity of the T'6SS spike can
then be specified either by effectors directly binding
VegrG proteins or possibly via the recently described
adaptors and chaperones (Tec/Tap-1 in V. cholerae and
Aeromonas hydrophila; and EagR in Serratia marcescens)
which may load effectors onto the VgrG spike
(Figure 1b) [22,24-26]. Effector-encoding genes are not
necessarily linked to 'T6SS clusters, rendering their iden-
tification by genome mining rather cumbersome. The
recent description of MIX motifs was proposed to enable
the identification of proteins secreted by the T6SS [27],
however the validity and stringency of these signatures
are yet to be verified for most T6SS-positive strains.
Nonetheless, it is now recognized that genetic islands,
encoding VgrG, Hcp, PAAR, Tec or EagR proteins,
scattered throughout bacterial genomes could pinpoint
potential uncharacterized T'6SS effectors (Figure 1c).

General impact of the T6SS on eukaryotic
cells

Hypothesized as a virulence factor, much of the early
work on the T6SS focused on its role during host—patho-
gen interactions, but this has been relegated by the strong
antibacterial focus that has swept through the field.
Several studies reported the induction of T6SS loci in
infection models and using eukaryotic cell lines, suggest-
ing that host subversion is a major function of the secre-
tion system. Indeed, loss of a functional T6SS often
impacts the pathogenicity of bacteria towards their hosts.
Despite the significant number of these observations,
which are recapitulated in Table 1, the characterization
of effectors responsible for these phenotypes remains by
and large elusive.

The impact on pathogenicity may also be indirectly
related to T6SS activity as several groups have demon-
strated that mutations in T'6SS genes often result in the
downregulation of other virulence factors including type |
fimbriac and flagella [28-30] or could interfere with
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biofilm formation [6°,30,31], thereby obscuring the role
of T6SS effectors during infection. Notwithstanding a
possible indirect effect on pathogenicity, purified Hep
and VgrG proteins from pathogenic Escherichia coli strains
and A. hydrophila can influence host functions including
phagocytosis and the inflammatory response [30,32-34].
However, these isolated observations may not be gener-
ally applicable to these components from all T'6SSs.

Identified T6SS effectors targeting host cell
functions

From the substantial T6SS literature to date, several
reports have provided evidence demonstrating the activi-
ties of bona fide 'T6SS effectors. These target diverse host
cell processes encountered by pathogens during host
infection (Figure 2).

Manipulation of the host cytoskeleton

Some bacteria may resist phagocytosis or promote their
internalization in non-phagocytic cells by directly altering
cytoskeleton components in a T6SS-dependent manner.
So far, these phenotypes have been attributed to evolved
VgrG proteins. Effectors that mediate phagocytosis resis-
tance include VgrG1 from V. cholerae V52 (VgrG1VE)
which displays at its C terminus an actin cross-linking
domain (ACD), that is homologous to those carried by
some of the MARTX toxins [35-37]. The T6SS injects
VgrG1Y¢ into the eukaryotic cytosol after endocytosis,
which is a prerequisite for effector translocation [20]. The
ACD domain is then able to cross-link G-actin, leading to
an accumulation of toxic actin oligomers [38] and ulti-
mately host cell death [20]. The activity of the ACD is
also observable /7 vivo, as it contributes significantly to
T6SS-dependent inflammatory phenotypes observable in
a mouse infection model [39]. Another effector mediating
phagocytosis resistance is VgrGl of A. JZydrophila
(VerG1*™), which has also been shown to target the actin
cytoskeleton. This effector displays a vegetative insecti-
cidal protein-2 (VIP-2) domain bearing an ADP-ribosyl
transferase (ADPRT) signature [32]. Upon translocation,
VerG12M ribosylates the barbed ends of G-actin mono-
mers, inhibiting polymerization to F-actin [40]. Such
activity then leads to cell rounding, cell detachment
and caspase-3- and caspase-9-dependent cell death [32].

P. aeruginosa PAO1 has been shown to promote its entry
into non-phagocytic cells via the H2-T6SS, with the
evolved VgrG2b playing an important role in this process
[41,42]. The C terminus of VgrG2b interacts iz vitro with
members of the y-tubulin ring complex. Chemical inhi-
bition of microtubule assembly prevented VgrG2Zb-de-
pendent bacterial entry, whereas ectopic expression of
VerG2b restored productive internalization of a vgrG25
mutant [42]. This observation supports the decoupling of
the puncturing and catalytic roles of evolved VgrGs. The
mode of action and catalytic mechanism associated with
VgrG2b are still unknown.
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Table 1

T6SS-mediated phenotypes of bacterial interactions with a eukaryotic host. Impacts of T6SS-associated gene disruption on phenotypes
(adhesion, internalization, host cytoskeletal and morphological changes, bacterial survival, strain cytotoxicity, immune response of the
host and strain virulence) during infection and competition experiments with eukaryotic hosts. Please note that defects in virulence may
be due to disruption of delivery of anti-bacterial toxins into competitors during colonization of the host. * Denotes a transposon insertion
rather than a gene knock-out; CTD denotes C-terminal extension.

Phenotype Bacterium Gene(s) disrupted Impact Cell Lines/Species/ Reference
Animal Models
Adhesion Campylobacter jejuni hep1, tssM1 Reduced adhesion T84; RAW267.4 [76]
ATCC43431
Escherichia coli RS218 hep2 Reduced adhesion HBMEC [34]
E. coli SEPT362 tssM Reduced adhesion Hela [77]
E. coli TW-XM vgrG1 Reduced adhesion DF-1; bEnd.3 [30]
vgrG2 Reduced adhesion bEnd.3
Helicobacter hepaticus hcp, tssM Increased adhesion MODE-K [78]
ATCC51449
Vibrio parahaemolyticus HZ hcp1, tssM1 Reduced adhesion Caco-2; HelLa [79]
hcp2, tssM2 Reduced adhesion Hela
Internalization/ C. jejuni ATCC43431 hep1, tssM1 Reduced invasion T84; RAW267.4 [76]
Invasion
E. coli RS218 hep2 Reduced invasion HBMEC [34]
E. coli SEPT362 tssM Reduced invasion Hela [77]
E. coli TW-XM vgrG1 Reduced invasion DF-1; bEnd.3 [30]
vgrG2 Reduced invasion bEnd.3
Edwardsiella tarda EIB202 evpP Reduced EPC [80]
internalization
H. hepaticus ATCC51449 hcp, tssM Increased MODE-K [78]
internalization
P. aeruginosa PAO1 clpV2, clpV2pldB, Reduced Hela [9°°,41,42]
clpV3pldA, internalization
vgrG2a,2b
Salmonella enterica serovar clpV Increased invasion Hela [81]
Typhi GIFU100007
S. enterica serovar Typhimurium clpV (over- Reduced invasion HEp-2 [82]
LT2 expressed)
Yersinia pseudotuberculosis clpV2 (over- Reduced invasion HEp-2 [82]
IP32953 expressed)
Morphological Aeromonas hydrophila SSU vasH, tssM Enhanced RAW267.4 [83]
changes & phagocytosis
cytoskeletal
alterations
Burkholderia cenocepacia hep No deamidation of DC2.4 [50]
J2315 RhoA GTPase
B. cenocepacia K56-2 hcp Diminished active ANA-1 [45]
Rac1 and Cdc42
GTPases and cofilin
pools
tssC No membrane [44]
protrusions
Burkholderia mallei ATCC23344 tssE5 No MNGC formation, RAW267.4 [84]
actin polymerization
defects
Burkholderia pseudomallei 340 vgrG5 No MNGC formation HEK293 [58]
B. pseudomallei E8 tagAB5 No MNGC formation RAW267.4 [85]
B. pseudomallei K96243 hcpb5 No MNGC formation RAW267.4 [86]
B. pseudomallei KHW tssBC5 No MNGC or actin- RAW267.4 [59]
tail formation
Burkholderia thailandensis E264 clpV5, vgrG5 Reduced/no MNGC HEK293 [68,87]
formation
tssK5, vgrG5 (CTD) No MNGC formation RAW267.4 [57]
E. coli SEPT362 hep, clpV Induction of filopodia Hela [28]
and ruffles
Vibrio cholerae V52 hcplhcp2, vgrG1, No actin crosslinking J774; RAW267.4 [35,64]
vgrG1 tssM
tssM No actin crosslinking CHO-FyRII [20]
Fitness/intracellular Bordetella bronchiseptica RB50 clpV Increased RAW267.4 [88]
survival intracellular
replication
B. cenocepacia K56-2 hcp Reduced resistance Dictyostelium [44]
to amoebae discoideum
B. mallei ATCC23344 tsse5 Reduced survival RAW267.4 [84]
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Table 1 (Continued)
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Phenotype Bacterium Gene(s) disrupted Impact Cell Lines/Species/ Reference
Animal Models
B. pseudomallei E8 tagABS Reduced survival A549; Murine BMDM [85]
hcp5 Reduced survival A549
B. pseudomallei K96243 hcpb Reduced survival RAW267.4 [86]
B. thailandensis E264 clpV5 Increased HEK293 [87]
intracellular
replication
E. coli SEPT362 tssM Reduced survival J774 [77]
E. tarda PPD130/91 hcp Reduced Blue gourami [89]
intracellular phagocytes
replication
H. hepaticus ATCC51449 hcp, tssM Increased survival MODE-K [78]
Pseudomonas syringae hcp1 hcp2 Reduced fitness in Cryptococcus [90]
pathovar Tomato DC3000 competition with carnescens;
yeast; reduced Acanthamoeba
amoebal resistance polyphaga
S. enterica serovar Gallinarum clpV Reduced survival RAW267.4; HD11 [91]
287/91
S. enterica serovar Typhimurium tssM Increased survival J774 [92]
LT2
S. enterica serovar Typhimurium clpV, tssM Reduced RAW267.4 [93]
SL1344 intracellular
replication
V. cholerae V52 clpV, hcp, tseL fha, Reduced resistance D. discoideum [10°°,20,64,
vasH,l, X, vgrG1, to amoebae 65,94]
vgrG1-(CTD),
tssA,B,C,E,F,G,J,K,L,M
Cytotoxicity B. bronchiseptica RB50 clpV, hcp Reduced J774, RAW264.7 [88,95]
cytotoxicity and
apoptosis
B. cenocepacia K56-2 tssM Reduced Human monocytes [49]
cytotoxicity
B. pseudomallei E8 BPSS1504 Reduced Murine caspase-1~/~ [85]
cytotoxicity BMDM
B. pseudomallei K96243 hcp5 Reduced RAW267.4 [86]
cytotoxicity
B. thailandensis E264 clpV5 Reduced HEK293 [87]
cytotoxicity
C. jejuni 108 hep, tssM Reduced haemolysis Horse red blood cells [96]
Citrobacter freundii CF74 clpV, hcp Reduced HEp-2 [29]
cytotoxicity
S. enterica serovar Typhi clpV Reduced Hela [81]
GIFU100007 cytotoxicity
V. cholerae V52 tssM Reduced J774 [10°°,20]
cytotoxicity
Host response B. bronchiseptica RB50 clpV Reduced IL-6, IL-1B, J774; Mouse [95]
IL-17, IL-10 Rag1~/~ mouse [88]
Increased IL-18
B. cenocepacia J2315 hep Reduced IL-18 and U937 + Pyrin"uman; [50]
caspase-1 activation DC2.4 + Pyrin™°"s¢
B. cenocepacia K56-2 tssM Reduced IL-1B and Human monocytes; [49]
caspase-1 activation THP-1
B. pseudomallei K96243 hcpb5 Reduced PMN Hamster [86]
infiltration and
necrosis
H. hepaticus ATCC51449 tssM Downregulates MODE-K; T-cell [78]
TLR4, APC and IL- reconstituted Fn‘ag1” -
17RA. Increased mouse
inflammation
vgrG1 Reduced T-cell reconstituted [97]
pathogenicity Rag2~/~ mouse
Klebsiella pneumoniae 521145 KpST66_3367* Reduced NF-xB A549 [98]
signaling
Vibrio parahaemolyticus HZ hcp2, tssM2, Lower LC3-II RAW267.4 [99]
vgrG2 lipidation,
autophagosome
punctuation and
cAMP levels
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Table 1 (Continued)

Phenotype Bacterium Gene(s) disrupted Impact Cell Lines/Species/ Reference
Animal Models
S. enterica serovar Typhimurium clpV (SPI-6) No necrosis Chick [100]
14028 s
Virulence A. hydrophila SSU hep1,2, tssM, Less virulent Mouse [83,101]
vasH, vgrG1,2,3
Acinetobacter baumannii tssM Less virulent Galleria mellonella [102]
DSM30011
Agrobacterium tumefaciens C58 - Increased fitness in Tobacco [4°]
planta than in vitro
hep Reduced Potato [103]
tumorigenesis
B. bronchiseptica RB50 clpV Less persistent Mouse [95]
Hypervirulent, higher Rag1~/~ mouse [88]
bacterial burden in
some tissues
B. pseudomallei E8 tagAB5 Less virulent Mouse [85]
B. pseudomallei K96243 hcpb5 Less virulent Hamster [86]
B. thailandensis E264 tssK5, vgrG5 (CTD) Less virulent Mouse [6°,57]
C. jejuni ATCC43431 tssM Less persistent Mouse [76]
E. tarda PPD130/91 clpV, evpP, hcp,
vgrG,
tssA,B,C,E,F,G,J,K,L,M Less virulent Blue gourami fish [89,104]
E. coli SEPT362 clpV, hcp Less virulent Chick [28]
E. coli TW-XM vgrG1 Less virulent, lower Duck [30]
systemic load
vgrG2 Delayed virulence, Duck
lower burden in brain
H. hepaticus ATCC51449 hcp, tssM Hypercolonization Germ-free mouse [78]
K. pneumoniae 521145 pld1 Less virulent Mouse [63]
Pantoea ananatis LMG 2665" hcp, tssA Less virulent Onion [105]
Pectobacterium atrosepticum hcp1 (over- More virulent Potato [106]
SCRI1043 expression)
P. aeruginosa PAO1 (clpV1, PA009S, Less virulent Rat [107]
tagT1, tle3, tli1b,
tsi5, tssA1,F1,M1)*
clpVv2,3 Less virulent Caenorhabditis [41,108]
elegans
pldA Less persistent Rat [61°]
P. aeruginosa PA14 stk1-rhsP2 (H2- Less virulent Arabidopsis thaliana, [109]
T6SS), tssM3- Mouse
PA14_33970 (H3-
T6SS)
Ralstonia solanacearum tssC Lower bacterial load Tomato [110]
GMI1000
Rhizobium leguminosarum tssK* Inhibits symbiotic Pea [111,112]
biovar trifolii RCR5 pea nodulation
S. enterica serovar Dublin SPI-6 Less virulent Mouse [113]
CT_02021853
SPI-6 SPI-19 Less virulent Chick
S. enterica serovar Gallinarum clpV Reduced in vivo Chick [114]
287/91 fitness
S. enterica serovar Typhimurium clpV Less virulent Chick [100]
14028 s
S. enterica serovar Typhimurium clpV Delayed death Mouse [93]
LT2
tssM More virulent; Mouse [92,93]
Delayed death
V. cholerae A1552 hep1 hep2, vgrG3 Reduced in vivo Mouse [115]
fitness
V. cholerae C7606 tsiV3 Reduced in vivo Rabbit [37]
tsiV1,2,3 fitness Mouse [70°°]
V. cholerae V52 vgrG1 (CTD) Lower bacterial load Mouse [39]
in intestine
Y. pseudotuberculosis YPIII clpV4 znuCB, yezP Less virulent Mouse [467]

znuCB
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Figure 2
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T6SS-dependent mechanisms of host cell subversion. I. Burkholderia mallei, Burkholderia pseudomallei and Burkholderia thailandensis (grouped as
Bpmt) encode five, six and five T6SSs respectively, of which the T6SS-5 is essential for full virulence during infection [6°,55,75]. The evolved
VgrG5, with unknown catalytic activity, is responsible for the fusion of host cell membranes leading to multinucleated giant cell formation [57,58].
The T6SS-5 cluster also encodes an autotransporter, BimA, involved in actin-mediated propulsion; and TssM, a T2SS-dependent effector that
dampens NF-«kB and type | interferon signaling [51,53,55]. Il. To date, no T6SS effectors of Burkholderia cenocepacia have been characterized,
but several T6SS-dependent phenotypes have been described [44]. This secretion system causes the deregulation of cytoskeleton-associated
Rho-GTPases including RhoA and Rac1 [45]. RhoA inactivation leads to a pyrin inflammasome-mediated immune response [49,50] while Rac1
inactivation inhibits NADPH oxidase assembly, thus protecting the bacterium from oxidative damage derived from the respiratory burst [45]. The
T6SS is also thought to contribute to the release of T2SS substrates ZmpA and ZmpB from the vacuole, which subsequently hamper the
antimicrobial responses of the host [47,48]. lll. Yersinia pseudotuberculosis invades host cells, which then subject the pathogen to oxidative stress
in the phagosome. The T6SS-4 secretes a zinc-binding effector, YezP, which protects the bacterium from the generated reactive oxygen species
(ROS) [46°]. IV. VgrG1*" is secreted by Aeromonas hydrophila, and its evolved catalytic domain possesses ADP-ribosyltransferase activity,
inhibiting actin polymerization [32]. V. Vibrio cholerae utilizes a single T6SS to secrete VgrG1VC, harboring a C-terminal actin cross-linking domain
into the cytosol of macrophages and predatory amoebae [20,35]. VasX is another V. cholerae T6SS effector important in virulence, thought to form
pores in lipid bilayers [64]. VI. Pseudomonas aeruginosa uses two distinct T6SSs to secrete effectors into epithelial cells. VgrG2b is H2-T6SS-
dependent and modulates microtubule-mediated bacterial internalization through an interaction with the gamma-tubulin ring complex (y-TuRC)
[42]. PIdA and PIdB are H2-T6SS- and H3-T6SS-dependent effectors, respectively, which bind Akt to facilitate bacterial internalization using the
PI3K pathway [9°°].

Other T6SS-dependent phenotypes impacting the cyto-
skeleton have been described, but are yet to be linked to a
specific effector (Table 1). For example, the T6SS of B.
cenocepacia is essential for virulence iz vivo and confers
resistance to predation by Dictyostelium [43,44]. Deletion of
hep abrogates formation of actin-mediated membrane pro-
jections in infected macrophages, indicating that the T6SS
manipulates the cytoskeleton [44]. This phenotype was
further supported by studies showing a 'T'6SS-mediated

deregulation of Rho GTPase family members such as
Cdc42, RhoA, and Racl [45].

Host defense evasion

Amongst the strategies deployed by phagocytic cells to
eradicate pathogenic intruders, generation of reactive
oxygen species (ROS) during the respiratory burst is
one of the most efficient defense mechanisms. The
Yersinia pseudotuberculosis 'T'6SS-4 cluster has been shown
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to respond to oxidative stress imposed by the host through
secretion of YezP. This zinc-binding effector, which has
been proposed to scavenge zinc ions and subsequently
protect the pathogen from ROS. Moreover, the T6SS-4
and YezP are paramount for iz vivo virulence [46°]. Such
mechanisms may apply to other pathogens, as the T65S-4
cluster present in B. pseudomallei, B. mallei and B. thai-
landensis (Bpmt) is homologous to that of Y. pseudotuber-
culosis and also encodes a YezP orthologue.

B. cenocepacia was also shown to suppress this microbicidal
mechanism by decreasing the pool of G'TP-bound Racl
in a 'T6SS-dependent manner. As a result, this pathogen
hinders NADPH oxidase assembly at the membrane of
the B. cenocepacia-containing vacuole (BcCV), and thus
prevents generation of the oxidative burst [45].

Modulation of the inflammatory response

In macrophages, B. cenocepacia stimulates the inflamma-
tory response leading to the secretion of IL-1B [47]. The
bacterium survives in the BcCV by avoiding fusion with
lysosomes before escaping into the host cell cytosol.
Although the T6SS is not directly involved in maturation
arrest of the endocytic vacuole, it is required for its
disruption to facilitate the release of the T2SS-dependent
effectors ZmpA and ZmpB into the macrophage cytosol
[47]. These proteases cleave antimicrobial peptides and
could be involved in caspase-1 activation and IL-1B
processing [47,48]. Furthermore, the pyrin inflammasome
triggers IL.-1B secretion through sensing the N41 deami-
dation of RhoA, which is abolished in the B. cenocepacia
hep mutant [49,50]. An unknown T6SS effector could be
conceived as modulating RhoA activity to promote sur-
vival within macrophages, but not as far as to elicit an
overt immune response [45,50]. Interference with host
immunity pathways is achieved in Bpmt infection by the
deubiquitinase T'ssM (unrelated to the T'6SS structural
component of the same name), which inhibits NF-kB and
type I interferon signaling [51,52]. TssM is a T2SS-
dependent protein but is in fact encoded within the
16S8S-5 cluster [53].

After T3SS-3-dependent phagosomal escape, B. pseudo-
mallei, B. mallei and B. thailandensis propel themselves
through the host cytosol using actin tail polymerization.
This is mediated by the type Va secretion system ('T'55Sa)
autotransporter BimA [54], whose gene, similarly to zss/M,
is genetically linked to the 768S-5 cluster. Several studies
have established that T'6SS-5 is required for intercellular
dissemination and virulence in the acute mouse model
[6°,55]. Bpmt spreads between cells by fusing the mem-
branes of adjacent macrophages, resulting in the forma-
tion of multinucleated giant cells (MNGCs) [56]. The C-
terminal domain of the evolved VgrG-5 is necessary for
the fusion of host membranes [57,58]. The 7688-5 locus is
regulated by a major virulence determinant, the two-
component system VirAG, which upon sensing host

intracellular glutathione activates the transcription of
bimA, tssM and T6S8S-5 genes. This results in the coordi-
nation of propulsion, immune modulation and host cell
fusion by Bpmt during infection [51,55,59,60].

Targeting membranes: the rise of trans-kingdom T6SS
effectors

As demonstrated with VgrG-5 in Bpmt, T6SS effectors
can alter host membrane architecture. However, this is
not restricted to evolved VgrGs as other, non-evolved
effectors targeting cell membranes have also been char-
acterized. The first cargo effector shown to be important
in pathogenicity was PIdA (Tle5a) of P. aeruginosa, where-
in a p/dA mutant could not establish a persistent infection
in rats [61°]. PIdA, along with the effector PIdB (Tle5b)
exhibit phospholipase D (PLLD) activity and are trans-
ported by the H2- and H3-T6SS, respectively [8,9°°,61°].
These enzymes are encoded within two genetic islands
encoding distinct canonical VgrG and cognate immunity
proteins. Both enzymes target the phospholipid bilayers
of competing bacteria and are also translocated into
epithelial cells by P. aeruginosa in vitro [8,9°°]. In the
host cell, these PLLDs induce PI3K activation by inter-
acting with Aktl and Akt2 [9°°]. This is consistent with
previous findings exposing the hijacking of the PI3-ki-
nase pathway and the role of the H2-T6SS during the
uptake of P. aeruginosa into non-phagocytic cells [41,62].
Remarkably, P. aeruginosa promotes its entry via two H2-
'T6SS effectors targeting different host pathways, but the
potential interplay between PIdA and VgrG2b is yet to be
explored. A Tle5 homologue, Pld1, has recently been
identified as essential for Klebsiella pneumoniae virulence
in mice. This phospholipase is encoded within a T6SS
core gene cluster, but the requirement of the T6SS for
Pld1-mediated pathogenicity has not been investigated
[63]. Although having no apparent role in antibacterial
activity (notwithstanding apparent duplication of p/d1)
the pld1 gene resides in a similar proximal genetic envi-
ronment to p/dB of P. aeruginosa (i.e. between a vgrG and
three successive putative lipoprotein immunity genes), so
may also exert its activity across kingdoms. VasX from V.
cholerae 1s an anti-bacterial toxin but is also important in
resistance to amoebal predation [64,65]. Rather than
displaying evident catalytic activity, it has been proposed
to form pores in phospholipid bilayers, thereby dissipat-
ing the membrane potential. It also binds to different
phosphoinositide species iz vitro, suggesting that VasX
could alter lipid distribution within membranes, thereby
influencing host signaling networks involved in infection
[64].

Conclusions

Much evidence supports the role of the T6SS in the
delivery of effectors targeting eukaryotic cells. Species
including V. c¢holerae and Y. pseudotuberculosis appear to use
the T6SS to avoid elimination by the host. Moreover,
intracellular pathogens such as Burkholderia species use
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the machinery to exploit signaling pathways to enable
their spread during infection. Anti-eukaryotic effectors
exist both as evolved VgrGs and cargo effectors, often
targeting conserved structures such as the cytoskeleton or
host membranes. Several effectors exert activity on both
prokaryotic and eukaryotic cells. This challenges the
assumed dichotomy expected from secretion machineries
and their toxins, which has recently been supported by
observations regarding the activity of the T'4SS [66]. This
emerging concept should be addressed upon future iden-
tification of 'T6SS effectors and applied to existing toxins
where appropriate. For instance, the Tle5 lipase super-
family is prevalent in many bacterial genera but whether
they exhibit anti-host or anti-bacterial activities will have
to be determined. Heightened attention must be given to
the regulatory networks governing the T6SS, as coordi-
nation between secretion systems (e.g. in Burkholderia
species) and synergism with other virulence factors dur-
ing infection is becoming increasingly evident. Finally, it
has been reported that bacterial membrane disturbances,
such as those inflicted in T6SS dueling, T4SS conjugation
or exposure to antibiotics [67-69], induce and activate the
T6SS. Pathogens are subjected to lethal attacks during
infection, which could be then opposed by T6SS
responses that may have co-evolved with the host defense
mechanisms.

In these cases, focusing on the host response pathways
may expose cues for T6SS activation in eukaryotic set-
tings [70°°]. Subsequent reproduction of such stimuli 7
vitro could then lead to the discovery of novel anti-host
effectors that are otherwise difficult to identify. In all, this
calls for a more integrative analysis of the molecular
mechanisms of the T'6SS within a host in order to expand
our understanding of this versatile and fascinating bacte-
rial weapon.
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