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Distinct cell death pathways induced by granzymes collectively protect
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A B S T R A C T

Intestinal intraepithelial T lymphocytes (IEL) constitutively express high amounts of the cytotoxic proteases
Granzymes (Gzm) A and B and are therefore thought to protect the intestinal epithelium against infection by
killing infected epithelial cells. However, the role of IEL granzymes in a protective immune response has yet to be
demonstrated. We show that GzmA and GzmB are required to protect mice against oral, but not intravenous,
infection with Salmonella enterica serovar Typhimurium, consistent with an intestine-specific role. IEL-intrinsic
granzymes mediate the protective effects by controlling intracellular bacterial growth and aiding in cell-
intrinsic pyroptotic cell death of epithelial cells. Surprisingly, we found that both granzymes play non-
redundant roles. GzmB-/- mice carried significantly lower burdens of Salmonella, as predominant GzmA-
mediated cell death effectively reduced bacterial translocation across the intestinal barrier. Conversely, in
GzmA-/- mice, GzmB-driven apoptosis favored luminal Salmonella growth by providing nutrients, while still
reducing translocation across the epithelial barrier. Together, the concerted actions of both GzmA and GzmB
balance cell death mechanisms at the intestinal epithelium to provide optimal control that Salmonella cannot
subvert.

Introduction

A key function of the intestinal epithelium is to serve as a barrier that
limits the entry of microbial pathogens into the body. To protect the
intestinal epithelium from such pathogens, mammals have developed
sophisticated, multi-layered protective mechanisms. These include a

range of innate immune defense factors produced by the intestinal
epithelial cells, including mucus and antimicrobial peptides. Invasion of
epithelial cells by bacterial pathogens triggers the production of pro-
inflammatory cytokines that recruit immune cells to the site of infec-
tion. While the early steps of epithelial innate immune defence are well-
characterized, the contributions of the different immune cells recruited
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to infected mucosa remain poorly understood. For example, Salmonella
enterica serovar Typhimurium (hereafter referred to as Salmonella or S.
Tm) infection of the mammalian intestinal epithelium induces cell
death, expulsion of infected cells, inflammatory cytokine release, and
activation of several types of cytotoxic lymphocytes, including natural
killer cells, γδ T cells, innate lymphoid cells, mucosal-associated
invariant T (MAIT) cells, yet the relative contributions of each mecha-
nism in the control of infection are unclear.1–6 Crucially, the role played
by the cytotoxic activity of these various immune cells in controlling
bacterial infection is unclear.

Cytotoxic lymphocytes kill target cells by the concerted actions of the
serine proteases Granzymes (Gzm) and the pore-forming molecule Per-
forin, released from secretory granules at the site of contact with the
target cell. Perforin mediates pore formation in the target cell membrane
allowing for intracellular delivery of Gzms, where Gzms cleave critical
intracellular substrates causing cell death. The human genome encodes
5 Gzms (A, B, H, K and M), whereas the mouse genome encodes 10 Gzms
(A, B, C, D, E, F, G, H, K, and M).7,8 Granzyme A (GzmA) and B (GzmB)
are the most widely studied Gzms, as they are most highly expressed in
cytotoxic lymphocytes, and they are classically implicated as the effec-
tors of granule exocytosis-mediated target cell death. GzmB induces
target cell apoptosis mainly by cleaving and activating Caspase-3/7
directly or by activating mitochondrial intrinsic apoptosis pathway.9

In contrast, GzmA can activate caspase-independent lytic cell death
pathways but is less potent than GzmB. Evidence from several inde-
pendent studies indicate that the key role of GzmA is to drive inflam-
matory responses.10 Loss of perforin (Prf1) in mice abolishes granule
mediated target cell death, therefore perforin is considered essential for
granzyme-driven apoptosis. However, GzmA or GzmB single knockout
(KO) mice do not recapitulate the loss of cytotoxic lymphocyte activity
seen in Prf1-/- animals, indicating some level of redundancy between
different Gzms.11 Multiple studies have found that the individual loss of
either GzmA or GzmB has no effect on the immune response to bacterial
and viral infections,8 although perforin is clearly important for protec-
tion against various viral infections,11 and even a few bacterial patho-
gens.12,13 Interestingly, extracellular levels of GzmA and GzmB were
found to be increased in blood of humans infected with Salmonella
enterica serovar Typhi.14 Recent evidence suggests that both GzmA and
GzmB have significant non-cytotoxic extracellular functions that involve
cleavage of extracellular and intracellular proteins to promote wound
healing, cytokine activation, inflammatory responses, and extracellular
matrix remodeling.10,15–17

One subset of T lymphocytes that constitutively express GzmA and
GzmB are intestinal intraepithelial T lymphocytes (IEL).18,19 IEL are a
heterogenous population of T cells that occupy the intercellular space
between intestinal epithelial cells. IEL are classified into two main
subpopulations based on ontogeny and surface receptor expression.
Induced IEL consist of conventional TCRαβ CD8αβ T cells while natural
IEL, characterized by the expression of CD8αα, are defined as TCRαβ
CD8αα or TCRγδ CD8αα T cells. Despite developmental differences, both
types of IEL are characterized by an activated phenotype that includes
very high expression of GzmA and B, and lower expression of GzmC and
GzmK.18 Based on the tissue location and Gzm expression, IEL have been
postulated to play a key role in defending against intestinal infection by
killing infected epithelial cells. One subtype, TCRγδ IEL, have been
implicated in the defense against oral S.Tm infection5 and prevent
transmigration of bacteria and parasites from the gut by maintaining
intestinal barrier integrity20,21. Changes in γδ IEL movement have been
observed following infection with Salmonella and Toxoplasma gondii.21,22

IEL also protect against the intracellular protozoan parasite Eimeria
vermiformis.23 Taken together, the available data are consistent with IEL
being the first immune responders to enteric pathogens. However, the
exact mechanism by which IEL protect against foodborne pathogens has
remained opaque, and it is currently unknown whether IEL protective
functions are mediated by Gzms.

Here we address a fundamental question: Are IEL-derived Gzms

pivotal for protection against foodborne intracellular bacterial patho-
gens such as Salmonella spp? Previous studies using KOmice did not find
a role for Perforin and GzmB in Salmonella pathogenesis,24 but these
experiments involved intravenous infections rather than the oral route
of Salmonella infection, which is the more common route of human
exposure. We reveal that GzmA and GzmB act together to defend the
small intestinal epithelium against oral infection. The majority of GzmA
and GzmB in the gut is expressed by IELs, and our data suggest that
GzmA/B are responsible for the protective effects of IEL. Surprisingly,
we discovered that in the absence of GzmA, GzmB promotes bacterial
growth by providing apoptosis-derived nutrients, whereas in the
absence of GzmB, GzmA is more effective in preventing bacterial
translocation across the intestinal barrier. Our findings reveal novel
effector functions of Gzms in tissue-specific control of pathogens and
explain how IEL contribute to intestinal protection.

Results

Loss of granzymes does not affect IEL homeostasis

IEL constitutively express high levels of both GzmA and GzmB, with
~20 million molecules of GzmA and ~5 million molecules of GzmB per
cell.18 Flow cytometric analyses of spleen, mesenteric lymph nodes
(mLNs), small intestinal (SI) and large intestinal epithelium and lamina
propria (LP) layers indicated that only the SI epithelium harbors a large
population of GzmA/B expressing cells (Fig. 1A and B). This finding was
confirmed by immunofluorescence (IF) imaging of GzmA and GzmB in
the gut, that showed overlapping expression of GzmA and GzmB mainly
within small round cells just below intestinal epithelial cells, but above
the basement membrane (Fig. 1C). Specificities of antibodies for GzmA
and GzmB were confirmed using GzmA-/- and GzmB-/- mice (Suppl.
Fig. 1A). These Gzm-expressing cells within the epithelium were T cells,
as cells that stained positive for GzmB were also labelled with anti-CD3
(Fig. 1D). Indeed, in the intestinal epithelial compartment, greater than
90% of GzmA/B+ cells are T cells, either TCRαβ+ or TCRγδ+ (Fig. 1E,
gating strategy shown in Suppl. Fig. 1B). We conclude that the major
expressers of both GzmA and GzmB in the SI are IEL.

Since IEL constitutively express Gzms, we first determined whether
loss of Gzms affected IEL homeostasis. Total IEL and all subsets were
present at similar numbers to wild-type (WT) mice in GzmA-/-/GzmB-/-

(GzmA/B dKO), GzmA-/- (GzmA KO) GzmB-/- (GzmB KO) SI epithelium
(Fig. 1F, Suppl. Fig. 1D, gating strategy shown in Suppl. Fig. 1C).
Further, key surface proteins that regulate IEL tissue residency (CD103,
CD69), as well as recently described inhibitory receptors (CD160, LAG3,
LILRB4, TIGIT, CD96) were all expressed comparably in GzmA/B dKO
mice and WT mice (Suppl. Fig. 1E). IEL are highly motile cells that
exhibit patrolling immunosurveillance of the gut epithelium, both in vivo
and in vitro.22,25,26 As Gzms can cleave extracellular matrix proteins, it is
possible that IEL require Gzms to move efficiently within the epithelial
layer. To test this, we utilized co-cultures of IEL with 3D intestinal
epithelial organoids. The movement of WT and dKO IEL was tracked
within the epithelial layer of co-cultures. IEL were indeed motile, with a
velocity of ~ 30 nm.s− 1, and both WT and GzmA/B dKO IEL moved at a
similar speed (Fig. 1G, Suppl. videos 1 and 2). However, in the absence
of GzmA/B, IEL were no longer able to kill a target cell line, K562, upon
anti-CD3-mediated TCR triggering (Fig. 1H). Thus, except for an
inability to kill target cells in vitro, GzmA/B dKO IEL appear to be
functionally and phenotypically normal in uninfected mice.

IEL-derived granzymes protect the intestinal epithelium against Salmonella
infection

Since IEL are the major cell type expressing GzmA and GzmB
constitutively in the mouse, we could use GzmA/B dKO to address the
function of IEL-derived Gzms in intestinal infection. We infected GzmA/
B dKO mice with Salmonella enterica Typhimurium strain SL1344
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Fig. 1. IEL are the main source of Gzms in the mouse at steady state. A. Representative flow cytometry dot plots of GzmA and GzmB expression in the small intestinal
(SI) epithelium and lamina propria, large intestinal (LI) epithelium and lamina propria, mesenteric lymph nodes (mLN) and spleen of naïve WT mice (left). B. Bar
graphs showing the quantification of GzmA+/GzmB+ cells in different organs shown in (A), n > 3 mice per organ. C. Immunofluorescent micrographs showing cells
expressing GzmA (red) and GzmB (green) in the epithelial layer of a jejunal villus. Sections were counterstained with phalloidin to show actin (white) and DAPI
(blue) to show nuclei. Scale bar = 20 µm. D. Immunofluorescent micrographs showing cells expressing CD3 (red), GzmB (green) and E-cad (white) in the jejunal
villus. Scale bar = 40 µm. E. Bar graphs showing which CD45+ cell subsets express GzmA and GzmB in the epithelium (n = 5). F-H. Bar graphs showing F. CD45+

C103+ total IEL in co-housed WT and GzmA/B dKO (n = 5), G. Track displacement (left) and mean track speed (right) of WT and GzmA/B dKO IEL from mice which
have been cohoused) in coculture with WT intestinal organoids (n = 3/group). H. Specific cell lysis of K562 cells by either WT or GzmA/B dKO IEL from mice that
have been cohoused. IEL were cultured with K562 at a 40:1 ratio, in the presence of 20 ng/ml IL-15 and 1 μg/ml anti-CD3 (n = 3 per genotype). All data are presented
as mean ± SEM. For (F-H), unpaired t-test was used to calculate the significance. ns: not significant, ** p < 0.01. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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expressing GFP either orally or intravenously. We focused on mecha-
nisms invoked during infection of the small intestinal epithelium, where
IEL are present at high numbers. Hence, we chose not to pre-treat the
mice with Streptomycin before infection, as Streptomycin pre-treatment
increases S.Tm infection at the cecum and colon by ablating intestinal
microbiota.27 Indeed, when we orally gavaged C57BL6/J mice with
Salmonella (108 colony-forming units (cfu) per mouse), all mice were
found to be susceptible to infection, as previously shown,28 and Salmo-
nella cfu were mainly found in the small intestine, but not in the cecum
or colon (Suppl. Fig. 2A). Using this infection model, we found that in
the absence of GzmA/B, mice were significantly more susceptible to oral
Salmonella challenge, the natural route of infection. GzmA/B dKO dis-
played increased weight loss and higher bacterial loads in their mLNs,
spleen, and liver (Fig. 2A and B). In contrast, absence of GzmA/B did not
lead to increased susceptibility towards intravenous S.Tm infection,
quantified in terms of bacterial burden and weight loss (Fig. 2C and D).
Thus, GzmA and B contribute to protection against oral, but not intra-
venous infection with Salmonella.

Salmonella mainly infects the host by actively invading epithelial
cells (IEC), by uptake by M cells or by phagocytic sampling of the in-
testinal lumen.29 Active IEC invasion, but not the other two routes of
entry, requires Salmonella type III secretion system 1 (TTSS-1), which is
encoded by Salmonella pathogenicity island 1 (SPI1). To test whether
epithelial invasion is necessary to activate the protective effects of Gzms,
we used a ΔSPI1 strain of Salmonella that can still infect mice through
phagocytes. We found no significant difference in the susceptibility of
WT and GzmA/B dKO mice to the ΔSPI1 mutant (Fig. 2E and F). The
levels of infection seen were low, but dKO mice also had low bacterial
burdens. In summary, these data indicate that GzmA/B specifically
protect small intestinal epithelial cells from Salmonella infection,
showing that the route and site of infection are important factors in the
immune response to pathogenesis.

To evaluate if IEL were the main cells mediating the protective ef-
fects of Gzms against Salmonella infection, we adoptively transferredWT
or GzmA/B dKO IEL to Rag2-/- (RAG2 KO) mice. To improve the transfer
efficiency and to enhance survival, we first cultured cells for 24 h with
IL-15 and retinoic acid, as we found that this combination increased the
expression of the gut-homing proteins CCR9 and α4β7 (Suppl. Fig. 2B)
and increased the efficiency of the transfer (Suppl. Fig. 2C). In a
competitive transfer, IEL from either WT or dKO genotypes repopulated
the intestinal epithelial compartment of RAG2 KO mice equally effi-
ciently (Suppl. Fig. 2D). We next individually transferredWT or GzmA/B
dKO IEL to different groups of RAG2 KOmice. After 4 weeks to allow the
adoptively transferred IEL to sufficiently repopulate the gut, the mice
were infected orally with Salmonella. Both WT and GzmA/B dKO IEL
equivalently repopulated the guts of RAG2 KO mice (Fig. 2G). Despite
large variability in the experiment, we found that overall, RAG2 KO
mice reconstituted with GzmA/B dKO IEL lost more weight and had a
higher infection burden than RAG2 KO with WT IEL (Fig. 2H and I).
Moreover, three RAG2 KO that did not receive any IEL had to be culled
early due to the severity to the infection, even though other Gzm-
expressing innate cells had expanded to fill the epithelial niche in
RAG2 KO mice (Suppl. Fig. 2E). These data support the hypothesis that
IEL-derived Gzms are important for protection against intestinal Sal-
monella infection. Thus, the route of infection and IEL dictate the pro-
tective effects of Gzms against oral Salmonella infection.

IEL utilize granzymes to kill infected epithelial cells independent of perforin

We next explored the mechanisms by which GzmA/B protect the
intestinal epithelium. Gzms can cleave extracellular matrix proteins and
epithelial cell junction proteins30–32, and loss of this activity may affect
the intestinal barrier, thus increasing bacterial translocation. However,
we did not find any difference in intestinal permeability to a small
molecule, FITC-Dextran, in GzmA/B dKO mice compared to WT mice
(Suppl. Fig. 3A). Both GzmA and GzmB can regulate inflammatory

cytokine production, with GzmA in particular activating key innate
defense cytokines such as IL-1β, TNF or IL-6 15,33–36. Therefore, the
levels of cytokines in the plasma of orally infected WT and GzmA/B dKO
mice were determined at day 5 post infection. We found that the levels of
cytokines and chemokines in the serum of infected GzmA/B dKO mice
were mostly increased compared to WT mice, especially IL-18 (Fig. 3A).
In intestinal ileal tissue from infected WT and GzmA/B dKO mice, there
was no difference in the cytokines induced by Salmonella at the mRNA
level (Suppl. Fig. 3B). We conclude that the cytokine levels in the plasma
of infected mice seem to be linked to bacterial burden rather than with
the functions of Gzms in activating cytokines.

The release of Gzms from intracellular secretory granules occurs
through degranulation, which can be detected by the exposure of
lysosome-associated membrane protein (LAMP-1 or CD107) on the
surface of degranulating cells. After Salmonella infection, we found that
over 40% of WT IEL had degranulated as determined by CD107 surface
staining, indicating robust activation of IEL (Fig. 3B). However, no
degranulation was observed in dKO IEL from Salmonella-infected dKO
mice. The inability of GzmAB dKO IEL to degranulate appears to be a
cell-intrinsic defect, as in vitro after stimulation with phorbol ester PMA
and calcium ionophore ionomycin, we find that WT IEL degranulate but
GzmA/B dKO IEL do not (Fig. 3C). Because the cytotoxic functions of
Gzms are generally perforin-dependent and perforin is a component of
cytotoxic granules37,38, we asked whether perforin was required for
GzmA/B mediated protection against intestinal infection. Surprisingly,
we found that Prf1-/- (Prf1 KO) mice were not more susceptible to oral
Salmonella infection than WT mice (Suppl. Fig. 4). These data indicate
that IEL utilize Gzms in a degranulation-dependent, but perforin-
independent manner to control Salmonella infection.

To further explore how IEL and Gzms are protecting intestinal
epithelial cells against infection, we utilized a cell culture infection
system (Suppl. Fig. 3C). MODE-K, a small intestinal epithelial cell line39,
was first infected with a luciferase-expressing strain of Salmonella
(SL1344-lux) for 1 h, then any remaining extracellular bacteria were
killed using gentamycin. At this point, purified IEL were added, and the
growth of intracellular Salmonella was measured at various timepoints
using luciferase activity as a readout (Suppl. Fig. 3D). We found that
after 24 h incubation of infected IEC with WT IEL, there was a marked
reduction in Salmonella levels. Strikingly, no reduction in intracellular
levels of SL1344-lux was seen upon co-culture with GzmA/B dKO IEL
(Fig. 3D). Next, we investigated whether WT and GzmA/B dKO IEL were
killing the infected MODE-K cells, by staining living cells with Crystal
Violet (Fig. 3E). While incubation with WT IEL reduced the viability of
infected MODE-K cells, GzmA/B dKO IEL did not affect the viability of
the infected MODE-K cells. Note that IEL do not kill uninfected MODE-K
cells (Suppl. Fig. 3E), implying that IEL specifically recognize and kill
only infected epithelial cells, and that they use Gzms to kill.

Granzymes aid in intestinal epithelial lytic cell death

It is increasingly recognized that Salmonella infection of the intestinal
epithelium leads to activation of multiple cell death pathways.6 S.Tm
express flagella, type III secretion systems, LPS, and other pathogen-
associated molecular patterns that rapidly activate innate immune
mechanisms, including the NLRC4 inflammasome in the infected intes-
tinal epithelial cell.6 Activation of the NLRC4 inflammasome eventually
leads to pyroptosis and expulsion of infected epithelial cells,40 while LPS
triggers apoptosis, most likely through a TNF-dependent mechanism.
Previous work has shown that fewer apoptotic cells (cleaved caspase-3-
positive) were seen in the intestinal epithelium of GzmA/B dKO mice
treated with LPS or TNF, compared to WT mice,41 suggesting that IEL-
derived GzmA/B contribute to the induction of apoptosis under these
conditions. However, the contribution of GzmA/B to Salmonella-induced
epithelial pyroptosis is unknown. Since Salmonella infection events in
the small intestine occur at very low frequencies and are hard to detect,
we used FlaTox, an engineered form of flagellin that allows the cytosolic
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delivery of flagellin. FlaTox mimics Salmonella infection as it activates
the NAIP/NLRC4 inflammasome, the cytosolic sensors for bacterial
flagellin and type III secretion systems, and induces pyroptosis and
expulsion of intestinal epithelial cells.40,42 To test whether
inflammasome-induced intestinal epithelial cell pyroptosis was also
reduced in the absence of Gzms, WT and GzmA/B dKO mice were
treated with FlaTox for 1 h, and propidium iodide (PI) to label dying
cells, prior to euthanasia. Significantly fewer dying epithelial cells (PI+)
were detected in ilea of GzmA/B dKO mice relative to WT (Fig. 3F and
G). These data, in conjunction with the previous report on the shedding
of apoptotic enterocytes41 indicate that Gzms contribute to epithelial
cell death, even when external stimuli such as flagellin or LPS are acti-
vating cell-intrinsic death. Taken together, we conclude that IEL kill
Salmonella-infected intestinal epithelial cells via release of Gzms A and
B, which reduces dissemination of infection from the gut.

GzmA and GzmB drive divergent mechanisms against intestinal infection

Our findings thus far prompted us to test the relative importance of
the individual Gzms, as GzmA and GzmB are proteases with very
different specificities and induce different types of cell death.11 Upon
oral Salmonella infection, GzmA KO mice suffered more weight loss and
marginally higher bacterial burdens than WT mice (Fig. 4A and B). Note
that no compensatory increase in GzmB expression was seen in GzmA
KO mice, either at steady state or after infection, and the percentage of
IEL expressing GzmB were similar to that seen in WT mice (Suppl.
Fig. 5A–D). No difference in the induction of serum cytokines was seen
in infected GzmA KO as compared to infected WT mice (Suppl. Fig. 6A)
and we have previously shown that there is no difference in intestinal
permeability between GzmA KO and WT mice.36 Surprisingly, GzmB KO
mice were significantly protected against Salmonella infection, with no
systemic bacteria found in many of the mice 5 days post infection, and
no weight loss (Fig. 4C and D). GzmB KO also had significantly lower
levels of serum cytokines after infection as compared to infected WT
littermate controls (Suppl. Fig. 6B), commensurate with the low levels of
systemic infection. No difference was seen in GzmA expression levels
before or after infection (Suppl. Fig. 5C and D), nor in intestinal
permeability in GzmB KO mice compared to WT mice (Suppl. Fig. 5E).
Thus, neither inflammatory cytokine levels, compensatory changes in
other granzymes, nor intestinal permeability could explain the reduced
susceptibility of GzmB KO mice to infection.

We next utilized the previously described in vitro infection system
(Suppl. Fig. 3C) to determine the efficacy of GzmA KO and GzmB KO IEL
in controlling intracellular bacterial growth. We found that similar to
WT, GzmA KO IEL were able to block the intracellular growth of SL1344-
lux in intestinal epithelial cells (Fig. 4E). In contrast, GzmB KO IEL
controlled Salmonella growth even more efficiently than WT IEL, reca-
pitulating the in vivo findings of GzmB KO mice infected orally with
Salmonella. Cell viability measurements indicated that both GzmA KO
IEL and GzmB KO IEL killed infected MODE-K cells much more effi-
ciently than GzmA/B dKO IEL (Fig. 4F). Neither single KO recapitulated
the lack of cell death, or the increased susceptibility to infection
observed with the dKO, either in vivo or in vitro. Therefore, our findings
indicate that while both GzmA and GzmB are individually effective in

causing the death of infected cells to combat Salmonella, GzmA (domi-
nant in the GzmB KO) demonstrates superior efficacy in controlling the
growth of Salmonella in the intestinal epithelium.

Absence of Granzyme A unleashes Granzyme B mediated apoptosis and
luminal Salmonella growth

The observation that IEL lacking GzmB are better at blocking Sal-
monella growth prompted us to explore the reason for this further. Since
both Gzms could induce cell death in vitro, we wondered if differential
cell death modalities induced by GzmA versus GzmBmight be regulating
bacterial growth. A recent study showed that Salmonella utilizes nutri-
ents from apoptotic cells to grow, thus benefiting from the induction of
epithelial cell death.43 In the presence of increased apoptosis, but not
other forms of cell death, ileal Salmonella burdens were higher after oral
infection. Of note, the increased extracellular growth of Salmonella in
the presence of apoptotic cells was found to be dependent on ametabolic
enzyme, pflB, a pyruvate formate-lyase, that allows Salmonella to use
pyruvate from apoptotic cells as an energy source.43 Since GzmB spe-
cifically induces apoptosis,11 it is plausible that GzmB-induced epithelial
cell apoptosis promotes growth of Salmonella. To test if GzmB-mediated
apoptotic nutrients are also an important factor in oral Salmonella
infection in vivo, we used the competitive infection system as described
previously.43 We used the ΔpflB strain of Salmonella in competition with
WT Salmonella SL1344, to infect WT, GzmA KO and GzmB KO mice
(Fig. 5A). The ratio of WT to ΔpflB bacterial counts in tissues after in vivo
infection normalized to the input ratio (competitive index) was then
analyzed in each mouse strain. Intriguingly, in the feces and ileum of
GzmA KO mice, WT SL1344 had a strong competitive advantage over
ΔpflB SL1344, which we attribute to the predominant induction of
epithelial apoptosis by GzmB in these mice (Fig. 5B and C). In the
absence of GzmB and reduced induction of apoptosis, WT SL1344 failed
to exhibit a growth advantage over ΔpflB SL1344.

In GzmA KO, the competitive advantage of WT Salmonella was only
seen at the intestinal epithelium and not in peripheral organs (Fig. 5C).
Hence, we hypothesized that GzmB-mediated apoptosis is promoting
intestinal bacterial growth in the lumen, but not translocation of bac-
teria across the intestinal barrier. To test this hypothesis, we enumerated
bacterial loads in the feces as a measure of intestinal luminal growth.
Indeed, we found that there was significantly higher bacterial burden in
fecal content of GzmA KO mice as compared to WT mice (Fig. 5D).
Similarly, higher bacterial counts were seen in the ileal contents of
GzmA KO mice as compared to WT mice, however, the gentamycin-
treated ileal tissue had similar bacterial loads, indicating similar bac-
terial translocation across the intestinal barrier (Fig. 5E). Thus, in the
absence of GzmA, the balance of cell death is tipped towards more
GzmB-mediated apoptosis, inducing stronger intestinal luminal growth
of Salmonella, but GzmB-mediated apoptosis is still effective in con-
trolling bacterial entry into the intestinal epithelium. Overall, we
conclude that the balance of cell death induced by the different Gzms
provides an extra layer of complexity in the protection of the intestinal
epithelium from Salmonella infection.

Fig. 2. Granzymes are important for protection against oral intestinal infection. A-B. Cohoused WT (n = 14) and GzmA/B dKO (n = 17) mice were orally infected
with SL1344-GFP and culled 5 days post infection (dpi). Weight loss (A) and CFU/mg in mLN, spleen and liver at the time of sacrifice (B) are shown. Data were pooled
from 3 independent experiments. C-D. Cohoused WT and GzmA/B dKO mice were infected i.v. with SL1344-GFP and culled 3 dpi. Weight loss (C) and CFU/mg in
spleen, liver at the time of sacrifice (D) are shown (n = 5/group). E-F. Cohoused WT and GzmA/B dKO mice were orally infected with ΔSPI1-SL1344 and culled 5dpi.
Weight loss (E) and CFU/mg in mLN, spleen and liver are shown (F). Data were pooled from 2 independent experiments (n = 14/group). G-I. Rag2-/- mice were
adoptively transferred with either WT (n = 12) or GzmA/B dKO IEL (n = 15) from cohoused mice, or no IEL (n = 10). 4 weeks after IEL transfer mice were orally
infected with SL1344-GFP. (G) Percentages of CD45 + cells out of total live cells isolated from the intestinal epithelia of Rag2-/- mice, Rag2-/- mice reconstituted with
WT IEL, and Rag2-/- mice reconstituted with GzmA/B dKO IEL after infection. Data were pooled from two independent experiments, where infected mice were either
culled 4 or 5 dpi, depending on the severity of symptoms. Weight loss (H) and CFU/mg (I) in mLN (left), spleen (middle) and liver (right) are shown. In (I), cfu data
from the two independent experiments culled 4dpi (circles) or 5dpi (crosses) are indicated. All data are presented as mean ± SEM. For bacterial counts, ranks were
compared using the Mann-Whitney U test. ns: not significant, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Discussion

In this study, we explored the relative contributions of GzmA and
GzmB in providing protection against infection at the intestinal barrier.
To our knowledge, this is the first study showing a direct protective
effect of IEL-derived Gzms in intestinal infection. We find that
granzyme-mediated protection was independent of perforin, and was
more complex than anticipated, as it appears to depend on the
concerted, but not redundant, actions of GzmA and GzmB. We show that
IEL respond strongly to intestinal Salmonella infection by degranulation.
In the absence of both GzmA and GzmB, IEL no longer degranulate, and
are defective in killing infected epithelial cells. Moreover, Gzms may
contribute to the expulsion of infected epithelial cells, as LPS-induced
intestinal epithelial cell shedding requires perforin-independent activ-
ities of both GzmA and GzmB.41 The observation of fewer cleaved-
caspase-3-positive enterocytes in GzmA/B dKO mice relative to WT
following TNF exposure, suggests that Gzms may also facilitate cell-
intrinsic epithelial apoptosis.41 Intriguingly, we find that the absence
of Gzms also reduced the amount of pyroptosis induced by NLRC4
activation in the intestinal epithelium, suggesting that Gzms aid in
epithelial cell-intrinsic responses to pathogen triggers. Thus, in the
absence of both GzmA and GzmB, reduced epithelial cell expulsion and
cell death lead to higher bacterial translocation and systemic infection
with Salmonella (Fig. 5F).

Surprisingly, we found that in the absence of GzmB alone, mice were
even less susceptible to infection that WT mice. This seemingly counter-
intuitive finding could be explained by the fact that in the absence of
GzmB, GzmA is the predominant granzyme, which drives lytic and
possibly inflammatory cell death.44 GzmA-mediated cell death is very
effective in controlling epithelial Salmonella infection both in vitro and in
vivo (Fig. 5F). In the in vitro culture system with GzmB KO IEL, GzmA-
mediated lytic epithelial cell death exposes intracellular bacteria to
the gentamicin in the culture media, leading to reduced intracellular
bacterial loads. In the GzmB KO mice, in addition to the more effective
inflammatory cell death for control of intracellular Salmonella, lack of
GzmB-mediated apoptosis also reduced the extracellular luminal growth
of Salmonella, overall leading to reduced systemic bacterial burdens. In
contrast, in GzmA KO mice, induction of epithelial apoptosis by GzmB
supports the growth of Salmonella in the intestinal lumen of infected
mice. Despite increased luminal growth in orally infected GzmA KO
mice, only a mild increase in systemic bacterial load was observed. Here,
predominant GzmB-induced apoptosis is still sufficient to clear local
infection,45 and through Casp7 cleavage, mediate extrusion of Salmo-
nella infected epithelial cells,46 which together limit bacterial trans-
location (Fig. 5F).

Although we had expected that wildtype Salmonella would have a
growth advantage over the ΔPflB strain in WT mice, we found that both
strains grew equivalently in the intestines of WT mice, similar to pre-
vious findings.43 It is possible that the cell death induced by the syner-
gistic actions of GzmA and GzmB in WT mice is neither apoptotic nor
inflammatory, but a combination of multiple cell death pathways that
does not release nutrients that can be utilized by Salmonella. Salmonella
infection itself induces cell-intrinsic apoptosis, pyroptosis, and

panoptosis that contribute to protection of the host, but can also be co-
opted by Salmonella for its own benefit.6 Our data indicate that IEL
intrinsic Gzms provide another layer of control for the host to optimally
control Salmonella infection by contributing to multiple cell death
pathways and expulsion. This additional layer of Gzm mediated cell
death can prevent the evasion of pathogens that have evolved to
modulate and benefit from intrinsic cell death pathways.

Divergent roles of GzmA and GzmB have been observed previously.
In rodent lung filarial infection, GzmB KO mice were more resistant to
infection, whereas GzmA KO had increased worm burdens as compared
to WT mice.47 These opposite phenotypes were ascribed to the pro-
inflammatory functions of GzmA, and the anti-inflammatory functions
of GzmB. In addition to infection-induced inflammation, it has been
reported that the anti-tumoral advantage observed in mice that do not
express GzmB is lost when additionally GzmA is absent, that is, in
GzmA/B dKO mice.48 These data support the idea that GzmA and GzmB
are not redundant but are rather key modulators of the immune
response.

The route that pathogens use to infect their hosts has a profound
impact on the evolution of the host’s immune adaptation. Evolution of
Gzms in particular, show evidence of species-specific adaptation to se-
lection pressures enforced by the diversity of pathogens and the envi-
ronment.7 Constitutive expression of Gzms in IEL provides an additional
layer of protection against diverse pathogens that target barrier sites.
How exactly IEL are rapidly activated to deploy Gzms in the presence of
intestinal infection is unknown, but may depend on their sensing
epithelial danger signals such as IL-18,49 ligands for activating receptors
or even metabolic changes in the infected epithelial cell.22 Gzms play
multi-faceted roles that involve novel activities that are still being
assigned, such as the function of human GzmA in driving pyroptosis by
cleaving Gasdermin B.44 While it remains to be established exactly how
GzmA functions in Salmonella infection, we have now established that
GzmA protects against intestinal infection, and that Salmonella can co-
opt GzmB-mediated apoptosis for its growth. Importantly, our work
establishes a new paradigm in which a perforin-independent role of
GzmA and GzmB mediates protection against enteric Salmonella infec-
tion, and provides a rational explanation for the high levels of extra-
cellular GzmA seen in patients with typhoid fever.14
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Fig. 3. IEL use granzymes to kill infected epithelial cells. A. Chemokine and cytokine levels in plasma of naïve and orally infected cohoused GzmA/B dKO (n = 9)
compared to WT (n = 9) from Fig. 2, at 5 dpi. Data were pooled from 2 independent experiments. B. Bar graphs showing percentage of CD107+ cells in co-housed WT
and GzmA/B dKO IEL 5 dpi of Salmonella infection (n = 5). C. Percentage of CD107+ cells in cultured WT and GzmA/B dKO IEL isolated from co-housed mice (n = 3
each), 3 h after in vitro PMA/ionomycin treatment. D. MODE-K cells were infected with SL1344-lux for 1 h, treated with gentamycin, and then incubated with WT or
GzmA/B dKO IEL from co-housed mice (n = 3) (See Suppl. Fig. 3C for schematic). Bioluminescence intensity was measured when IEL were added, then after 4 h, 8 h
and 24 h. E. Infected MODE-K cells were incubated with WT or GzmA/B dKO IEL, as in (D) and infected MODE-K cells were stained with crystal violet 24 h after
incubation with IEL from WT and GzmA/B dKO pooled from 3 independent experiments. Absorbance of crystal violet (at 570 nm) is shown as representative of live
cells. F. Representative images of PI+ enterocytes in jejunal villi of co-housed WT or GzmA/B dKO mice 1 h after FlaTox treatment (0.16ug/g PA, 0.08 µg/g LFn-Fla).
Nuclei are shown in white PI in green and F-actin in magenta. Yellow arrowheads indicate PI+ enterocytes. Scale bar = 20 µm, inset: scale bar = 10 µm. G.
Morphometric analysis of PI+ enterocytes (n = 5). All data are represented as mean ± SEM. P values were calculated by (A-E) ordinary one-way ANOVA with Sidak’s
multiple comparisons, (G) unpaired t-test. ns: not significant, * p < 0.05, ** p < 0.01, *** p < 0.001. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Methods

Mice

GzmA-/-GzmB-/-, GzmA-/-, GzmB-/- were bred in the University of
Dundee and Prf1-/- (Perforin) mice were bred at the University of Zar-
agoza. C57BL/6J and Rag2-/- (RAGN12) mice were purchased from
Charles Rivers and Taconic, respectively. Animals were housed in a
standard barrier facility at 21 ◦C, 55–65 % relative humidity with a 12 h
light/dark cycle. Mice were given ad libitum access to water and a diet of
RM1 (autoclaved RM3 when in breeding. Special Diets Services).

*
**

Fig. 4. Divergent roles of GzmA and GzmB in intestinal infection. A-B. GzmA KO mice (n = 18) and their WT littermate controls (n = 19) were orally infected with
SL1344-GFP and culled 5dpi. Weight loss (A) and CFU/mg in mLN, spleen and liver (B) are shown. Data were pooled from 2 independent experiments. C-D. GzmB KO
mice (n = 17) and their littermate WT controls (n = 19) were orally infected with SL1344-GFP and culled 5dpi. Weight loss (C) and CFU/mg in mLN, spleen and liver
(D) are displayed. Data were pooled from 2 independent experiments. E. MODE-K cells were infected with SL1334-lux for 1 h and then incubated with GzmA or GzmB
KO or their WT littermate control IEL (n = 3). Bioluminescence intensity was measured when IEL were added, then after 4 h, 8 h and 24 h. F. Infected MODE-K cells
were stained with Crystal violet 24 h after incubation with IEL from WT (n = 8), GzmA/B dKO (n = 4), GzmB KO (n = 5), GzmA KO (n = 4) mice, pooled from 5
independent experiments. The percentage cell death relative to infected MODE-K cells without IEL was normalized to the cell death induced by WT IEL. All data are
presented as mean ± SEM. P values were calculated for bacterial counts (B, D) using Mann-Whitney U test to compare ranks, and for all other comparisons, two-way
ANOVA was used, with Sidak’s multiple comparisons tests. ns: not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Differential cell death pathways induced by GzmA and GzmB drive divergent outcomes in infection. A. Schematic showing the set-up of competitive index
experiment. WT, GzmA KO and GzmB KO generated from the same line as described in the methods, were orally infected with 1:1 mixture of wildtype:ΔPflB SL1344.
Feces were collected at day 3 and other organs were collected at day 4 post infection. B-C. Scatter plots showing the competitive index in (B) feces (n = 6/strain) and
ileum (n = 6/strain), and in (C) mLN and spleen (pooled from two experiments with n > 10/strain). D-E. WT (n = 6) and GzmA KO (n = 6) mice were orally infected
with SL1344-GFP and culled at various days post infection (dpi) with (D) showing the fecal bacterial counts at day 3 post infection and (E) showing the bacterial
counts at day 4 post infection in ileal contents as a read out for extracellular luminal bacteria (left panel) and in ileal tissue washed with gentamycin (right panel) for
30 mins to kill off any extracellular bacteria. All data are presented as mean ± SEM. For bacterial counts, ranks were compared using the Mann-Whitney U test. ns:
not significant, * p < 0.05, ** p < 0.01. F. Summary describing the roles of IEL intrinsic granzymes driving the phenotypes of the KO mice in intestinal Salmo-
nella infection.
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Environmental enrichment of plastic tubes, playhouses and additional
sizzle nest bedding were given to all cages. All mice were bred and
maintained with approval by the University of Dundee Welfare and
Ethical Use of Animals committee, under a UK Home Office project li-
cense (PD4D8EFEF, PP2719506) in compliance with U.K. Home Office
Animals (Scientific Procedures) Act 1986 guidelines, in an Association of
the Assessment and Accreditation of Laboratory Animal Care-accredited
facility according to protocols approved by the Center for Comparative
Medicine and Surgery at Icahn School of Medicine at Mount Sinai, or
approval by the University of Zaragoza ethical review committee (PI53/
20) designated as Animal Welfare Body (Article 34, Royal Decree 53/
2013). In addition, a local study plan was approved as legally compliant
detailing the animals involved, the experimental procedure(s), local
scoring system, potential adverse effects and humane endpoints, and the
named responsible researchers.

Experimental design

Sample size was determined based on the CFU in mLNs of infected
wild-type (WT) mice, and power calculations based on a one-sided type I
error of 0.05, aiming to achieve statistical power of 0.80 to find effect
size of at least 1 standard deviation. For each experiment, WT animals
were compared to age- and sex-matched gene-deficient mice. Either co-
housed purchased WT or littermate WT controls were used, as described
in figure legends. Whenever co-housed WT controls were used, they
were co-housed with age- and sex-matched gene-deficient mice at
weaning (between 3–4 weeks of age). Mice were randomly assigned to
cages co-housed at weaning to prevent “cage effects”, and infected 6–8
weeks later. Since all mice were infected in this study, no further
randomization was done. Dosing was performed in sequence with the
tissue harvest following the same sequence. Dosing, experimental
monitoring and analysis were performed in a blinded fashion. No mice
were excluded other than those that had to be culled within 24 h of oral
dosing because they reached the severity limit as predefined in the study
plan, suggesting that systemic infection had occurred. Mice used in
Fig. 5 were derived from breeding of GzmA/B het x GzmA/B het mice
such that WT, GzmA KO and GzmB KO could be derived from the same
line for head-to-head comparison of strains for competitive index.
Multiple breeders were set up so that enough WT, GzmA KO and GZM B
KO mice of same age and gender were generated for these experiments.

Bacterial strains

Derivatives of Salmonella enterica serovar Typhimurium strain
SL1344 were used: SL1344-GFP, containing a plasmid expressing GFP-
Ova (pMW57) under the control of the pagC promoter (obtained from
D. McEwan, Dundee with permission from D. Bumann, Basel) 50;
SL1344-Lux was generated by introducing pEM7-lux plasmid (that ex-
presses luxCDABE constitutively under the control of the synthetic
promoter PEM7 51); ΔSPI1 strain (JVS-00405) was obtained from J.
Vogel’s lab (Würzburg), and is a λ-Red knockout of the entire SPI1 island
52, SL1344 WT and ΔpflB were obtained from C.J. Anderson44.

Infections, CFU determination and competitive index

9- to 12-weeks-old female (18 g-23 g) andmale (24 g-30 g) mice were
infected with ampicillin-resistant SL1344-GFP. Bacteria were grown
overnight in LB broth supplemented with ampicillin (100 μg/ml) at
37 ◦C, on a shaker, then subcultured in LB+ampicillin medium for at
least 3 h before in vivo infection. Bacteria were centrifuged 10 min at
3750 rpm, washed and resuspended in sterile PBS. The OD600 was
measured to estimate bacterial density. Serial plating on LB agar sup-
plemented with ampicillin (100 μg/ml) were performed to quantify the
infection dose. On the day of infection, food was removed at least 3 h
before infection in all experiments. For oral infection, mice were infec-
ted with 1.5 x 108 wild type SL1344 through oral gavage in 100 μl of PBS

per mouse. For intravenous infection, mice were infected with 500 wild
type SL1344 in 100 μl of PBS per mouse. To determine if epithelial cell
invasion is necessary for granzyme action, the ΔSPI1 SL1344 strain was
used at a concentration of 9 x 109 bacteria in 100 μl of PBS per mouse. In
addition to weight loss monitoring, mice were monitored a minimum of
twice a day for apparition of clinical signs and a scoring system with
defined humane endpoints was used to assess the severity of infection.
For competitive index assays, WT (StrepR) and ΔPflB (StrepR+KanR)
SL1344 strain were mixed at 1:1 ratio in 100 μl of PBS containing 1 x 108
bacteria/strain. The input ratio of each strain was calculated by plating
the infective dose on agar plates containing streptomycin (total inoc-
ulum) and agar plates containing streptomycin plus kanamycin (ΔPflB
strain). Wild-type Salmonella input cfu was calculated by = cfu of total
inoculum − cfu of ΔPflB, and the input ratio was calculated as cfu(WT)/
cfu(ΔPflB).

For output cfu determination, mice were euthanized by a rising
concentration of CO2 and death was confirmed by cervical dislocation.
Fecal content, ileum, caecum, colon, mLNs and spleen were collected,
weighed, and transferred into 2 ml Precellys (Bertin) tubes containing
ceramic beads and PBS+0.05 % Triton X-100 (Sigma). Tissues were
homogenized using the Precellys 24 homogenizer (Bertin) for 2x10s at
5000 Hz. Livers were weighed and crushed through a 70 μm strainer in
PBS+0.05 % Triton X-100. Supernatants were serial diluted in
LB+ampicillin (100 μg/ml) medium and plated on LB+ampicillin plates.
For collection of ileal contents in Fig. 5E, ileum was harvested, and its
contents collected by flushing with 1 ml of sterile PBS. After removing
contents, the tissue was incubated in 2 ml of RPMI containing genta-
mycin for 30 min to kill off any extracellular bacteria. Post incubation
with gentamycin, ileal tissue was washed twice in PBS, then processed as
described above for other organs. Colonies were counted after overnight
incubation at 37 ◦C. For quantification of bacteria in competitive index
assay, supernatants from organs were plated on LB plates containing
Streptomycin and Streptomycin + Kanamycin. Output cfu ratio was
calculated as cfu(WT)/cfu(ΔPflB). Competitive index was calculated as
Output/input ratios.

FlaTox treatment and pyroptosis imaging

WT and GzmA/B dKO mice41 bred at Icahn School of Medicine at
Mount Sinai were administered FlaTox (0.16 µg/g PA (Protective Anti-
gen) and 0.08 µg/g LFn-Fla (the fusion of flagellin protein FlaA and N-
terminal domain of anthrax lethal factor (LFn)), generously provided by
Isabella Rauch, OHSU) intravenously for 60 min. In vivo propidium io-
dide staining was performed by injecting mice with 100 μg intrave-
nously 10 min prior to euthanasia. Jejunal tissues were fixed in PLP
buffer (0.05 M phosphate buffer containing 0.1 M L-lysine [pH 7.4], 2
mg/ml NaIO4 and 1 % PFA) overnight as previously described40. Tissues
were embedded in OCT, sectioned at 5 µm, stained with Hoechst 33,342
and AlexaFluor 647-phalloidin (Invitrogen), and mounted with ProLong
Glass (Invitrogen). Images were acquired on an inverted Ti2 microscope
(Nikon) equipped with a Dragonfly spinning disk (Andor), Sona sCMOS
camera (Andor), PLAN APO 20x/0.8NA dry objective, and Fusion
acquisition software (Andor). The number of PI+ cells per 0.1 mm2 villus
was quantified by an observer blinded to the condition.

In vivo intestinal permeability assay

Uninfected mice were treated with FITC-Dextran dissolved in PBS
(100 mg/ml). Prior to treatment, mice were starved for 4 h. Each mouse
received 44 mg of FITC-Dextran solution per 100 g body weight by oral
gavage. After 4 h, blood was collected, and the serumwas separated. The
concentration of FITC-Dextran in serum was quantified by spectropho-
tometry with an excitation of 485 nm using a CLARIOstar Plus plate
reader.
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IEL isolation and culture

IEL were isolated as described by James et al53. Briefly, small in-
testines were cut from proximal duodenum to terminal ileum and
flushed with 20 ml of cold PBS. Small and large intestines were longi-
tudinally opened, then transversely cut into ~ 5 mm pieces and put into
25 ml of warm RPMI medium (RPMI; 10 % FBS; 1 % glutamine; 1 %
penicillin–streptomycin), containing 1 mM DTT. Small intestine pieces
were agitated on a rotator or bacterial shaker for 40 min at room tem-
perature, centrifuged, vortexed and passed through a 100 μm sieve. Cells
were centrifuged in a 36 %/67 % Percoll/PBS density gradient at 700g
for 30 min. Total ІEL were collected from the interface between 36 %
and 67 % Percoll. CD8α+ IEL were purified using the EasySep mouse
CD8α positive selection kit II (STEMCELL Technologies), with small
changes from the manufacturer’s instructions: Total IEL were resus-
pended in 250 μl of isolation medium. After incubation with Fc blocker
and antibody cocktail mix (at a concentration of 10 μl/ml and 50 μl/ml,
respectively), 80 μl/ml of dextran beads were added to the cells.
Labelled cells were then incubated in the magnet for 5 min before
pouring off the supernatant. The remaining cells were collected and used
as CD8α + IEL. Purity ranged between 75 %-85 %.

For in vitro degranulation assay, isolated IEL were incubated in 100
ng/ml of IL-15/Ra complex (Thermo Fisher Scientific) overnight at a
concentration of 1 million cells per well/ml in a 24 well plate. Next day,
cells were washed once, and resuspended in 100 ng/ml IL-15 with 50
ng/ml of PMA+1μg/ml of ionomycin (Sigma) at the density of 0.5
million cells/well. After 30 min, anti-CD107a (clone 1D4B, Biolegend)
and CD107b (clone M3/84 Biolegend), Brefeldin (Biolegend) and Golgi
stop (BD Biosciences) were added. Post 4 hrs of culture, cells were
washed and fixed analyzed for CD107 intensity by flow cytometry.

LPL isolation

Small intestines were cut from proximal duodenum to terminal ileum
and flushed with 20 ml of cold PBS. Small and large intestines were
longitudinally opened and stored on ice in 10 ml of PBS. Samples were
vortexed 3 times for 10 s in PBS. Small intestines were then incubated for
30 min, with constant shaking, in “strip buffer” (PBS; 5 % FBS; 1 mM
EDTA, 1 mM DTT), prewarmed at 37 ◦C. After the incubation, tissue was
washed in PBS, then incubated for 45 min with constant shaking with
“digest buffer” (RPMI; 10 % FBS; 1 mg/ml collagenase/dispase (Roche);
20 μg/ml DNAse 1 (Sigma)). Supernatants containing LPL were then
collected by pouring over a 70 μmfilter into a new tube containing RPMI
media supplemented with 10 % FBS.

Adoptive transfer

6 to 8 weeks old male and female Rag2-/- mice were intravenously
injected with CD8α-sorted IEL, previously cultured for 24 h with IL-15/
IL-15R complex recombinant protein (100 ng/ml, Thermo Fisher Sci-
entific) and retinoic acid (100 ng/ml). The efficiency of IEL transfer was
assessed 4 weeks post transfer by flow cytometry. For IEL competitive
adoptive transfer, mice were injected with a mix of WT and GzmA/B
dKO IEL (1x106 cells in 100ul of PBS; 1:1 ratio). For Salmonella challenge
experiments, Rag2-/-mice were transferred with 106 wt or GzmA/B dKO
IEL and 4 weeks later mice were orally challenged with SL1344-GFP as
described above.

Flow cytometry

The following murine monoclonal antibodies were used to detect cell
surface markers: TCRβ [clone H57-597 (BioLegend)], TCRγδ [clone GL3
(BioLegend or eBioscience)], CD4 [clone RM4-5 (BioLegend)], CD8α
[clone 53–6.7 (BioLegend)], CD8β [clone H35-17.2 (eBioscience)],
CD103 [clone 2E7 (BioLegend)], CD160 [clone 7H1 (BioLegend)],
CD223 (LAG3) [clone eBioC9B7W (eBioscience)], CD85k (LILRB4)

[clone H1.1 (BioLegend)], TIGIT [clone GIGD7 (BioLegend)], CD69
[clone H1.2F3 (eBioscience)], CD96 [clone 3.3 (BioLegend)], CD45
[clone 30-F11 (BioLegend)], Nkp46 [clone 29A1.4 (BioLegend)]. For
intracellular staining, cells were fixed with 2 % PFA at 37 ◦C for 10 min
before permeabilization with permabilization buffer (eBioscience). Cells
were incubated with the following murine monoclonal antibodies:
GzmB [clone GB12 (eBioscience)], GzmA [clone GzA-3G8.5 (eBio-
science)], FoxP3 [clone FJK-16 s (eBioscience)].

mLN and spleen cell suspensions

Mice were culled by CO2 and tissues were collected. Mesenteric
lymph nodes were crushed through a 70 μm strainer in RPMI medium
(RPMI; 10 % FBS; 1 % glutamine; 1 % penicillin–streptomycin). Spleens
were crushed through a 70 μm strainer and red blood cells were lysed,
and remaining cells taken for flow cytometric analyses.

K562 killing assay

For testing the cytotoxicity of WT and GzmA/B dKO IEL, a biolu-
minescence based cytotoxicity assay was used as previously described54.
Luciferase-expressing K562 cells (kind gift of Dr. S. Minguet, Freiburg)
were plated at 5x103 cells/well in a 96-well plates. 75 μg/mL D-firefly
luciferin potassium salt (Biosynth) was added to the cells and biolumi-
nescence was measured with a PHERAstar plate reader to establish the
bioluminescence baseline. For a maximal cell death (positive control),
Triton X-100 was added to K562 cells at a final concentration of 1 %. For
spontaneous death (negative control), culture medium was added to
K562 cells. For the test, WT or GzmA/B dKO IEL that had been cultured
overnight in 20 ng/mL IL-15 (Peprotech) were added to K562 cells at a
40:1 effector-to-target (E:T) ratio with anti-CD3 (1 μg/ml) and incubated
for 24 h. Bioluminescence was measured as relative light units (RLU).
Percentage specific lysis was calculated as follows: % specific lysis =

100 x (average spontaneous death RLU – test RLU) / (average sponta-
neous death RLU – average maximal death RLU).

MODE-K infection and CFU assays

Ampicillin-resistant SL1344-Lux were grown as described in the
above sections and were resuspended in infection medium (DMEM+1%
BSA, without antibiotics). MODE-K (kind gift of. D. Kaiserlian, Lyon)
were seeded overnight (in DMEM supplemented with 10 % FBS and 1 %
L-glutamine, no antibiotics) and infected at a multiplicity of infection
(MOI) of 10. For assessment of intracellular growth of Salmonella,
MODE-K cells were first infected with SL1344-lux (MOI of 10) for 1 h,
washed and treated with 50 μg/ml of gentamicin. Then CD8α+ purified
IEL (1:10 bacteria-effector ratio) along with 100 ng/ml of IL-15/IL-15R
complex recombinant protein were added. At indicated time points,
bioluminescence was measured using a PHERAstar plate reader.

After 24 h, survival of the MODE-K cells was assessed, by first
washing the cells in PBS, to remove IEL and bacteria, then staining living
cells for 20 min with 100 μl/well of Crystal Violet (0.75 g in 12.5 ml
water and 37.5 ml methanol). After washing with water, the Crystal
Violet was solubilised by adding 200 μl/well of methanol. The solubi-
lised Crystal Violet was quantified by reading absorbance at 570 nm.
The absorbance was normalised to the absorbance in infected MODE-K
cells without IEL, to calculate the percentage cell death, using the for-
mula: cell death (%) = 100* [Abs(MODE-Kinf) – Abs(MODE-Kinf+IEL)/
Abs(MODE-Kinf)].

Immunofluorescence imaging

Small intestinal tissue from GzmA KO or GzmB KO mice or their WT
littermates were flushed once with cold HBSS and once with a room-
temperature fixative (2 % paraformaldehyde in PBS, pH=7.4), and
small (0.8–1 cm) fragments from jejunum or ileum were excised and
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incubated at room temperature in 10 ml of fresh fixative for 2–3 h with
slow agitation. The tissues were then washed three times with 50 mM
ammonium chloride in PBS and incubated overnight in PBS containing
30 % sucrose, before embedding in OCT (Agar Scientific) on dry ice and
stored below − 18 ◦C. 15 µm sections of the frozen tissues were rehy-
drated in PBS, permeabilised for 10–15 min with 1 % NP40 in PBS,
blocked for 1 h with PBS containing 2 % BSA and 0.1 % Triton-X100 and
stained with a mixture of Alexa Fluor 647-labelled mouse anti-
Granzyme A ab (Santa Cruz, clone 3G8.5, sc33692-AF647, at 1:500
dilution) and goat anti-Granzyme B ab (R&D systems, AF1865, at 1:50
dilution) in above blocking solution overnight at + 4 ◦C. After 5 washes
with PBS, the slides were stained for 1 h with Alexa Fluor 647-conju-
gated donkey anti-mouse, Alexa Fluor 488- or Rhodamine Red-X-
conjugated donkey anti-goat antibodies (Jackson ImmunoResearch, at
1:500 dilution) and Alexa Fluor 568 phalloidin (Invitrogen, at 1:75
dilution) or acti-stain 488 phalloidin (Cytoskeleton, Inc, at 1:75 dilu-
tion) in the blocking solution. After 4 additional PBS washes, the tissues
were stained with 1 µg/ml DAPI in PBS for 10 min, washed in PBS and
mounted using Vectashield Vibrance antifade mounting media (Vector
Laboratories). Tissues were imaged using confocal Zeiss LSM 710 or LSM
880 microscope operated by Zen software using 63x/1.4NA oil immer-
sion objective. Where indicated, serial optical sections were collected
throughout the entire thickness of the tissue, and maximal intensity
projections from the sections spanning selected IELs were generated in
ImageJ.

Plasma preparation and cytokine level measurement

Mice were euthanized by CO2. Blood was collected by intracardiac
puncture and transferred into tubes containing 5 mM EDTA. Blood was
centrifuged for 15 min at 800g, and plasma was collected. Plasma
cytokine levels were assessed using mouse ProcartaPlex cytokine and
chemokine panels (ThermoFisher Scientific), according to the manu-
facturer’s instructions. Data were acquired using the Luminex 200
analyser.

IEL:enteroid co-cultures

To generate the enteroids, small intestine from a C57BL/6J mouse
were longitudinally cut to scrape off the villi using a coverslip and
washed with cold PBS. The small intestine was cut into small 3–5 mm
pieces and incubated in PBS containing 1mMEDTA for 20min at 4 ◦C on
a tube roller. After being filtered through a 100 µm sieve, the pieces were
further incubated in PBS supplemented with 5 mM EDTA for 30 min at
4 ◦C. The tissue fragments were transferred into PBS and vigorously
shaken for one minute. Isolated crypts were centrifuged for 3 min at
200g, mixed with Matrigel (Corning) and plated in a 24-well plate in
ENR medium (Advanced DMEM/F12 supplemented with 50 ng/mL EGF
(PeproTech), 100 ng/mL Noggin (PeproTech) and 1µg/mL R-spondin-1
(PeproTech)).

For IEL-enteroid co-culture, two-day-old enteroids were released
from the Matrigel and incubated with WT or GzmA/B dKO purified
CD8α+ IELs that were labelled with cell tracking dye CFSE, for 30 min at
37 ◦C (at a ratio of 500 IELs to 1 enteroid) and then plated in an 8-well
μ-Slide ibiTreat (Ibidi) in ENR medium supplemented with 10 ng/mL IL-
15 and 100 U/mL IL-2. 48 h later, live imaging of the co-culture was
performed using Zeiss 710 confocal microscope system at 37 ◦C and 10
% CO2, 20X dry objective. 20 z-stacks with 3 µm interval of the region of
interest (ROI) were acquired for at least 90 min. The mean track speed
and track displacement length were analyzed using Imaris by creating a
Spot function that detected cells with diameter from 7.5 µm − 8 µm.

RT-PCR

RNA was prepared from pelleted cells or frozen ileal tissues using the
PureLinkTM RNA Mini Kit (Invitrogen by Thermo Fisher Scientific,

#12183025) following the manufacturer’s instructions. RNA was con-
verted to cDNA using the PrimeScriptRT reagent Kit with gDNA Eraser
(Takara, #RR047A). The cDNA was then used as a template for qPCR
with TB Green® Premix Ex TaqTM II (Tli TNaseJ Plus) (Takara,
#RR820L) and the following primers (IDT). Tnf, Il6 and Il18 were
normalized to house keeping gene Tbp and Gzma and Gzmb expression
were normalized to CD3.
Gene target Primer

Gzma CATGATTTGTGCAGGGGACC
GGTGATGCCTCGCAAAATACC

Gzmb CAGGACAAAGGCAGGGGAGAT
AAAGTAAGGCCATGTAGGGTCG

Il6 GCTACCAAACTGGATATAATCAGGA
CCAGGTAGCTATGGTACTCCAGAA

Tnf CTGTAGCCCACGTCGTAGC
TTGAGATCCATGCCGTTG

Il18 GACAGCCTGTGTTCGAGGATATG
TGTTCTTACAGGAGAGGGTAGAC

CD3e GAGAGCAGTCTGACAGATAGGAG
GAGGCAGGAGAGCAAGGTTC

Tbp GGGGAGCTGTGATGTGAAGT
CCAGGAAATAATTCTGGCTCAT

Statistical analysis

Data analysis was done using GraphPad Prism v9. For bacterial
counts, ranks were compared using the Mann-Whitney U test. For all
other comparisons, two-way ANOVA was used, with multiple compari-
sons using Sidak’s multiple comparisons tests, unless otherwise stated in
the figure legend. Standard annotations were used to denote signifi-
cance: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Schematic diagrams

Schematic diagrams in this manuscript were created using Biorender.

Data availability

No large datasets were generated during this study. All data are
shown in the figures, and raw data supporting this study can be obtained
from the corresponding author upon request.
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