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SUMMARY 
 
The cytotoxic proteases Granzymes A (GzmA) and B (GzmB) are important components of the 

arsenal used by cytotoxic immune cells to kill virally infected/damaged cells. Until now, there has 

been limited evidence that GzmA/B proteins contribute to combating intracellular bacterial pathogens 

in mammals. Here, we find that the route of infection of the intracellular bacterial pathogen 

Salmonella enterica serovar Typhimurium reveals the distinct roles that Granzymes play in 

defending against bacterial infection. We used Gzma-/-Gzmb-/- mice to discover that Granzymes are 

required to protect mice against oral infection with Salmonella. However, Granzymes do not play a 

role in systemic infection. We investigated the tissue-specific expression of Granzymes and 

determined that intestinal intraepithelial lymphocytes (IEL) are the only cell types that express 

Granzymes in healthy non-infected mice. In fact, IEL are sufficient to mediate the protective effects 

of Granzymes against Salmonella infection. Intriguingly, we found that GzmA and GzmB play 

opposing roles in Salmonella control, with GzmA being protective against infection whilst GzmB 

promoted infection. Both GzmA and GzmB proteins functioned independently of the pore-forming 

molecule Perforin, suggesting extracellular action. Our study reveals that IEL-expressed Granzymes 

play significant and distinct functions in host defense from oral bacterial infection. 
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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 infection. While the early steps of 

epithelial innate immune defense are well-characterized, the complex interplay between the different 

immune cells recruited to infected mucosa remain poorly understood. For example, Salmonella 

enterica serovar Typhimurium (hereafter referred to as Salmonella) infection of the mammalian 

epithelium induces 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 cell type are unclear (Davies et al., 2004; Godinez et al., 2008; Klose et al., 

2013; Kurioka et al., 2015; Li et al., 2012). 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 Perforin, 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  (Kaiserman et al., 2006). 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 effectors of granule exocytosis-mediated target cell death. GzmB induces target 

cell apoptosis mainly by cleaving and activating Caspase-3 directly or by activating mitochondrial 

intrinsic apoptosis pathway (Martínez-Lostao et al., 2015). In contrast, GzmA can activate caspase-

independent cell death pathways, but is much less potent than GzmB. Evidence from several 

independent studies indicate that the key role of GzmA is to drive inflammatory responses (van 

Daalen et al., 2020). Loss of Perforin (Pfn) in mice abolishes granule mediated target cell death, 

therefore Pfn 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 Pfn 

KO animals, indicating some level of redundancy between different Gzms (Voskoboinik et al., 2015). 

Importantly, multiple studies have found that the individual loss of either GzmA or GzmB has no 

effect on the immune response to multiple bacterial and viral infections (Arias et al., 2017). Recent 

evidence suggests that both GzmA and GzmB have significant non-cytotoxic functions that involve 

cleavage of extracellular and intracellular proteins to promote wound healing, cytokine activation, 
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inflammatory responses, and extracellular matrix remodelling (Garzón-Tituaña et al., 2021; Jong et 

al., 2021; Turner et al., 2019; van Daalen et al., 2020). 

One subset of T lymphocytes that constitutively express GzmA and GzmB are intestinal 

intraepithelial T lymphocytes (IEL) (Brenes et al., 2021; Shires et al., 2001). IEL are a heterogenous 

population of T cells that occupy the intracellular 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 (Brenes 

et al., 2021). Based on the tissue location and cytotoxic potential of IEL, they have been postulated 

to play a key role in defending against intestinal infection. One subtype, TCRγδ IEL, have been 

implicated in the defense against oral S. Typhimurium infection (Li et al., 2012) and prevent 

transmigration of bacteria and parasites from the gut by maintaining intestinal barrier integrity (Dalton 

et al., 2006; Edelblum et al., 2015). Changes in γδ IEL movement have been observed following 

infection with Salmonella and Toxoplasma gondii (Edelblum et al., 2015; Hoytema van Konijnenburg 

et al., 2017). IEL also protect against the intracellular protozoan parasite Eimeria vermiformis 

(Roberts et al., 1996). 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 the IEL 

protective functions are mediated by Gzms. 

Here we address a fundamental question: Are Granzymes pivotal for protection against foodborne 

intracellular bacterial pathogens such as Salmonella spp? Previous studies using KO mice did not 

find a role for Perforin and GzmB in Salmonella pathogenesis (Lee et al., 2012), but these 

experiments involved intravenous infections rather than a physiologically relevant Salmonella 

infection route. Our experiments reveal that the route of infection is important, and that GzmA and 

GzmB act together to defend the small intestinal epithelium against infection. We show that the 

majority of GzmA and GzmB in the gut is expressed by IELs, and our data suggest that IEL are 

responsible for the protective effects of GzmA/B. Surprisingly, we discovered that the intestinal 

activities of Gzms are Pfn-independent, and that while GzmA has antibacterial functions, GzmB 

promotes bacterial infection.  Our findings reveal novel effector functions of Gzms in tissue-specific 

control of pathogens, and explain how IEL contribute to intestinal protection. 
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RESULTS 

Route and site of infection dictate protective role of Granzymes 

 We first tested whether the route of infection dictates the contribution of Gzms to protection against 

infection. We infected GzmA/GzmB double knockout (GzmA/B dKO) mice with Salmonella strain 

SL1344, either orally or intravenously. Interestingly, deficiency of GzmA/B made mice significantly 

more susceptible to oral SL1344 challenge, the natural route of infection. GzmA/B dKO displayed 

higher weight loss and higher bacterial loads in their mesenteric lymph nodes (mLNs), spleen, and 

liver (Figure 1A-B). Conversely, absence of GzmA/B did not lead to increased susceptibility towards 

intravenous infection, quantified in terms of bacterial burden and weight loss (Figure 1C-D). Thus, 

GzmA and B contribute to protection against oral, but not systemic infection, with this gram-negative 

intracellular pathogen. 

Salmonella mainly enters the gut by actively invading epithelial cells (IEC), or by uptake by M cells 

or phagocytic sampling of the intestinal lumen. 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 that no significant difference in the susceptibility of WT and GzmA/B dKO 

mice to the ΔSPI1 mutant (Figure 1E-F). The levels of infection seen were low, but dKO mice also 

had low bacterial burdens. 

Next, we tested if the site of infection along the intestine was important for Gzm effector function. 

We therefore used the streptomycin model of Salmonella infection (Barthel et al., 2003). In this 

model, the antibiotic streptomycin is given 24h before the oral gavage with Salmonella. Streptomycin 

considerably reduces the commensal bacterial load, and is thought to create a niche in the intestine 

to allow Salmonella to expand in the cecal lumen, leading to increased infection. Importantly, higher 

levels of infection were seen mainly in the cecum and colon, with low levels in the small intestine, as 

opposed to infection without streptomycin as in our previous experiments, where the infection is 

restricted mainly to the ileum in the small intestine. Interestingly, when we pretreated GzmA/B dKO 

and WT mice with Streptomycin before Salmonella infection, we found that the bacterial burden was 

the same in both WT and dKO mice (Figure 1G-H). 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 murine pathogenesis. 
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Figure 1. Granzymes are important for protection against intestinal infection 
A-B. WT (n=14) and GzmA/B dKO (n=17) mice were infected with SL1344-GFP by oral gavage 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. WT and GzmA/B dKO mice were infected i.v. with SL1344-GFP and culled 

3dpi. Weight loss (C) and CFU/mg in spleen, liver at the time of sacrifice (D) are shown (n= 5/group). E-F. WT and GzmA/B 
dKO mice were gavaged orally with ΔSPI1-SL1334 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-H. Salmonella oral infection of WT 

(n=5) and GzmA/B dKO (n=6) using the streptomycin model. Mice were given streptomycin in the drinking water and 
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gavaged 24h later with 107 SL1344-GFP. Weight loss (G) and CFU/mg in mLN, spleen and liver at 4dpi (H) are shown. All 

data are presented as mean ± SEM. 

 

IEL-derived GzmA/B contribute to intestinal protection against infection 

Since Gzms are mainly required in the small intestine and not to combat systemic infection, we 

sought to determine the location and identity of GzmA/B expressing cells. Flow cytometric analyses 

of spleen, mLNs, and small intestinal (SI) epithelial and lamina propria (LP) layers showed that only 

SI epithelium harbored a large population of GzmA/B expressing cells before and after oral infection 

(Figure 2A). The finding was confirmed by imaging GzmA and GzmB in the gut (Figure 2B and 
Supplementary Figure 1). In the epithelial compartment, around 90% of GzmA/B+ cells are T cells, 

either TCRαβ+ or TCRγδ+, while in the LP, the majority of GzmA/B+ cells are CD8α+ (Figure 2C). 
We conclude that IEL are the major expressers of both GzmA and GzmB in the SI. 

That IEL express Gzm constitutively at steady-state has been known for a long time, however the 

function of IEL-expressed Gzms is unknown. More than 80% of IEL express GzmA and GzmB, and 

previous proteomic analyses showed that IEL subsets express up to 20 million molecules of GzmA 

and ~5 million molecules of GzmB per cell (Brenes et al., 2021). Since IEL express such high levels 

constitutively, we first determined whether loss of Gzms affected IEL homeostasis in any way. IEL 

numbers were comparable to WT in Gzm sKO and dKO mice (Supplementary Figure 2A). No 

compensatory expression of GzmA in GzmB sKO, or GzmB in GzmA sKO IEL was seen 

(Supplementary Figure 2B), as previously found in other cell types (Pardo et al., 2008). We also 

assessed the surface phenotype of IEL. Known tissue retention markers, such as CD69 and CD103, 

as well as recently described inhibitory receptors, such as CD96 and CD160, were expressed at 

similar levels on IEL in the absence of Gzms (Supplementary Figure 2C). IEL are highly motile 

cells that exhibit patrolling immunosurveillance of the gut epithelium, both in vivo and in vitro 

(Edelblum et al., 2012; Hoytema van Konijnenburg et al., 2017; Hu et al., 2018). As Gzms can cleave 

ECM proteins, it was 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 ~30nm.s-1, and both WT and dKO IEL moved at a similar speed (Supplementary Figure 
2D). Thus, IEL are the major cell type expressing GzmA and GzmB constitutively in the mouse, yet 

GzmA/B dKO IEL appear to be functionally and phenotypically normal in uninfected mice.  
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Figure 2. IEL are the major drivers of Gzm-dependent intestinal protection 
A. Representative flow cytometry dot plots of GzmA and GzmB expression in the small intestine epithelium, lamina propria, 

mLN and spleen of naïve and orally infected WT mice (left). Bar graphs (right) display the percentage of GzmA/B+ cells in 

the indicated organs (n=5). B. Immunofluorescent micrographs showing cells expressing GzmA (middle panel and red on 
left panel) and GzmB (right panel, and green on left panel) in the epithelial layer of a jejunal villus. Sections were 
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counterstained with phalloidin to show actin (white on left panel) and DAPI to show nuclei (blue on left panel). Scale 

bar=50µm. C. Bar graphs showing which CD45+ cell subsets express GzmA and GzmB in the epithelium (n= 5, left) or 

lamina propria (n=6, right) in the small intestines of naïve and orally infected WT mice. D-E. Rag2-/- mice adoptively 
transferred with WT (n=12) or GzmA/B dKO IEL (n=15), were orally gavaged with 1.5x108 SL1344-GFP. Data were pooled 

from two independent experiments where infected mice were either culled 4dpi (circles) or 5dpi (crosses), dependent on 

the severity. Weight loss (D) and CFU/mg (E) in mLN (left), spleen (middle) and liver (right) are shown. All data are 

presented as mean ± SEM. 

 

To address whether IEL were required for the protective effects of Gzms against Salmonella 

infection, we adoptively transferred WT or GzmA/B dKO IEL to RAG2 KO mice. To improve the 

transfer efficiency and to enhance survival, we first cultured cells for 24h with IL-15 and retinoic acid, 

as we found that this combination increased the expression of the gut-homing proteins CCR9 and 

α4β7 (Supplementary Figure 2E) and increased the efficiency of the transfer (Supplementary 
Figure 2F). IEL from either genotype repopulated the intestinal epithelial compartment of RAG2 KO 

mice equally efficiently (Supplementary Figure 2G). After a 4-week period that allowed the 

adoptively transferred IEL to sufficiently repopulate the gut, the mice were infected orally with 

Salmonella. Despite large variability in the experiment, we found that overall, RAG2 KO mice 

reconstituted with GzmA/B dKO IEL had a higher infection burden than RAG2 KO with WT IEL 

(Figure 2D and E). dKO IEL reconstituted mice also lost more weight than WT reconstituted RAG2 

KO, similar to RAG2 KO mice. Moreover, 3 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. Thus, IEL are required and are sufficient to 

mediate the protective effects of Gzms against intestinal infection. 

 

GzmA and GzmB have opposing roles in protection against intestinal infection 

We recently showed that the cytotoxic activity of IL-15 stimulated IEL is dependent on the expression 

of GzmA/B (James et al., 2021). Because the cytotoxic functions of Gzms are generally Pfn-

dependent (Jaime-Sánchez et al., 2018; Pardo et al., 2004), we asked whether Pfn was required for 

GzmA/B mediated protection against intestinal infection. Surprisingly, we found that Pfn KO mice 

were not more susceptible to oral Salmonella infection than WT mice (Figure 3A-B). These data 

indicate that IEL do not use Pfn-mediated killing of infected cells as a mechanism to control 

Salmonella infection. 

Our findings prompted us to test the relative importance of the individual Gzms, as GzmA and GzmB 

are proteases with very different specificities (Voskoboinik et al., 2015). Therefore, we orally infected 

both GzmA-/- (GzmA sKO) and GzmB-/- (GzmB sKO) mice with Salmonella to test the relative 

contributions of each Gzm. Salmonella infection of GzmA sKO mice caused similar symptoms as 
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seen in dKO mice, which included greater weight loss and higher bacterial burdens than WT mice, 

albeit the difference in bacterial burden was less pronounced compared to that in dKO mice (Figure 
3C-D). Surprisingly, GzmB sKO mice were significantly protected against Salmonella infection, with 

no systemic bacteria found in many of the mice after 5 days of infection (Figure 3E-F). 

 

Figure 3. Divergent roles of Perforin, GzmA and GzmB in intestinal infection 

A-B. WT (n=10) and Pfn KO (n=14) mice were orally gavaged with 1.5x108 SL1344-GFP and culled 5dpi. Weight loss (A) 

and CFU/mg in MLN, spleen and liver at the time of sacrifice (B) are shown. C-D. WT (n= 19) and GzmA sKO (n=18) mice 
were orally gavaged with 1.5x108 SL1344-GFP and culled 5dpi. Weight loss (C) and CFU/mg in mLN, spleen and liver (D) 

are shown. Data were pooled from 2 independent experiments. E-F. WT (n=19) and GzmB sKO (n=17) mice were oral 

infected with 1.5x108 SL1344-GFP and culled 5dpi. Weight loss (E) and CFU/mg in mLN, spleen and liver (F) are displayed. 
Data were pooled from 2 independent experiments. All data are presented as mean ± SEM. 

 

As well as inducing cell death, both GzmA and GzmB can also regulate inflammatory cytokine 

production, with GzmA in particular activating key innate defense cytokines such as IL-1β, TNF or 

IL-6 (Garzón-Tituaña et al., 2021; Hildebrand et al., 2014; Metkar et al., 2008; Omoto et al., 2010; 
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Santiago et al., 2020). Therefore the levels of cytokines in the plasma of orally infected WT, dKO, 

and sKO mice were determined at the time of the sacrifice. We found that the levels of cytokines 

and chemokines in the dKO mice were mostly increased compared to WT mice, especially IL-18, 

but this increased cytokine production was not seen in the GzmA sKO mice (Supp Figure 3A and 
3B). In contrast, the GzmB sKO mice showed markedly reduced production of all cytokines and 

chemokines tested after infection (Supplementary Figure 3C). We conclude that the cytokine levels 

in the plasma of infected mice correlate with the bacterial burden rather than with the loss of Gzm.  

As the differences seen in the systemic cytokine responses did not correlate with the functions of 

Gzms in inducing inflammatory cytokines, we next evaluated the functions of gzms in cleaving 

extracellular proteins. Gzms can cleave extracellular matrix proteins and epithelial cell junction 

proteins (Buzza et al., 2005; Hendel et al., 2010; Prakash et al., 2014), so could potentially increase 

bacterial translocation across a leaky barrier. Since previous studies have shown that intestinal 

permeability is not increased in GzmA sKO mice (Santiago et al., 2020), we only tested intestinal 

permeability in GzmB sKO mice. We did not find any difference compared to WT mice, either before 

or after infection (Supplementary Figure 4).  

In summary, these data indicate that GzmA and GzmB play opposing roles in intestinal protection, 

with GzmA protecting against a foodborne pathogen, and GzmB decreasing resistance to 

Salmonella infection, and both Gzms function in a Pfn-independent manner.  

 

IEL derived Granzymes have differential functions in the response to epithelial Salmonella 
infection 

To understand how IEL and Gzms were protecting intestinal epithelial cells against infection, we 

utilized a cell culture infection system. Purified IEL were incubated with a luciferase-expressing strain 

of Salmonella (SL1344-lux), then the SL1344-lux/IEL mix was used to infect the murine small 

intestinal epithelial cell line, MODE-K. After infecting for 1 hour, any extracellular Salmonella was 

killed using gentamycin, and intracellular growth was assessed at various time points by measuring 

luciferase activity. Pre-incubation of Salmonella with IEL reduced the ability of the bacteria to infect 

epithelial cells, but this did not depend on IEL expression of Gzms (Figure 4A). Cell-free growth of 

Salmonella was not affected by the presence of IEL (Figure 4B), suggesting that IEL do not impact 

upon the replication ability of Salmonella.  
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Figure 4. Effects of IEL derived GzmA and GzmB on Salmonella infectivity and growth 
A-C. Effect of WT and GzmA/B KO IEL on Salmonella infectivity (A), extracellular growth (B) and intracellular growth (C) 
(n= 3). A. MODE-K cells were infected with SL1334-lux in presence of IEL for 1h, then treated with gentamycin to kill any 

extracellular bacteria (t=1h30). Bioluminescence intensity was measured at 1h30 and 5h30 time points. B. SL1334-lux and 

IEL were cultured together, and bioluminescence intensity was measured after 1h30 and 5h30. C. MODE-K cells were 
infected with SL1334-lux for 1h and then incubated with WT or GzmA/B dKO IEL. Bioluminescence intensity was measured 

when IEL were added, then after 4h, 8h and 24h. D. Infected MODE-K cells were incubated with WT or Gzm sKO IEL, 

similar to (C) (n= 3). E. Infected MODE-K cells were stained with Crystal violet 24h after incubation with WT (n=6), GzmA/B 
dKO (n=5), GzmB sKO (n=5), GzmA sKO (n=2), pooled from 4 independent experiments. The percentage cell death 

relative to infected MODE-K cells without IEL was calculated and plotted. One-way ANOVA with Dunnett’s multiple 

comparisons was used to calculate significance. All data are presented as mean ± SEM. 

 

We then determined whether IEL inhibited the growth of Salmonella within infected epithelial cells. 

MODE-K cells were first infected with SL1334-lux for 1h, then incubated with purified IEL. Here we 

found that after 24h incubation of infected IEC with WT IEL, there was a marked reduction in the 

intracellular growth of Salmonella. Strikingly, no reduction in the intracellular growth of SL1344-lux 

was seen in the co-culture of MODE-K with GzmA/B dKO IEL (Figure 4C). GzmA sKO IEL and 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 23, 2021. ; https://doi.org/10.1101/2021.11.07.467595doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.07.467595
http://creativecommons.org/licenses/by/4.0/


 Gzms in intestinal infection 
 

   
 

13 

GzmB sKO IEL were at least as good as WT IEL in blocking the intracellular growth of SL1344-lux 

in MODE-K cells, with GzmB sKO IEL appearing even more efficient than WT IEL (Figure 4D). 
These data recapitulate our in vivo findings in Gzm sKO mice infected orally with Salmonella. Finally, 

we investigated whether WT IEL were killing the infected MODE-K cells, by staining living cells with 

Crystal Violet (Figure 4E). We found that while incubation with WT IEL reduced numbers of viable 

MODE-K cells, GzmA/B dKO IEL did not affect the viability of the infected MODE-K cells. GzmA sKO 

IEL killed infected MODE-K cells as efficiently as WT, and GzmB sKO were slightly less efficient. 

Our data support the notion that GzmA, possibly with some contribution from GzmB, is required for 

IEL to effectively protect small intestinal epithelial cells from Salmonella infection, both by blocking 

infection, and by killing infected IEC. In contrast, GzmB limits the ability of IEL to control Salmonella 

infection, potentially in a cell death independent manner. 

 

DISCUSSION 

In this study, we explored the relative contributions of GzmA, GzmB and Perforin, in providing 

protection against infection at the intestinal barrier. We show that IEL are the major cell type 

constitutively expressing GzmA and GzmB. To our knowledge this is the first study showing a direct 

protective effect of IEL-derived Granzymes in intestinal infection. Interestingly, this protective effect 

was independent of Perforin, and was more nuanced than anticipated, as it appears to depend on 

the concerted activities of GzmA and GzmB. One possible explanation for how this protection is 

mediated in the absence of Pfn, is that GzmA induces or enhances pro-inflammatory cytokine 

production from epithelial cells, particularly IL-1β and IL-18, either directly or indirectly through 

inflammasome activation (Hildebrand et al., 2014; Metkar et al., 2008). In the absence of GzmA, 

GzmB may also contribute to IL-18 production in a Caspase-1 independent manner (Akeda et al., 

2014). It is also possible that Gzms contribute to the expulsion of infected epithelial cells from the 

gut wall (Rauch et al., 2017; Sellin et al., 2014), as a recent study showed that LPS-induced epithelial 

cell shedding required Perforin independent activities of GzmA and GzmB (Hu et al., 2021). 

However, we found that GzmB KO mice were protected from Salmonella infection, making it unlikely 

that there is reduced expulsion of infected epithelial cells in GzmB KO mice.  

In this context, we make the surprising finding that presence of GzmB increased susceptibility to 

Salmonella infection, rather than providing protection. This seemingly counter-intuitive finding could 

be explained by recent evidence showing that apoptosis of intestinal epithelial cells supports the 

growth of Salmonella, by providing catabolic nutrients (Anderson et al., 2021). Thus, the induction 

of apoptosis of infected epithelial cells by GzmB could support the growth of Salmonella. An 

alternative explanation might be the increased activation of the antibacterial cellular mechanisms 

due to a reduction in regulatory T cell (Treg) function in the absence of GzmB as previously found in 
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cancer models. Indeed, GzmB KO mice are more resistant to some tumors as they show increase 

anti-tumoral NK and cytotoxic T cell function due to reduced Treg activity (Cao et al., 2007). 

However, we find that in vitro in the absence of Treg, GzmB KO IEL were still more efficient than WT 

IEL in reducing levels of Salmonella growth, indicating that the observed effects are Treg-

independent. It is worth noting that despite the increased resistance to infection seen in GzmB KO, 

loss of GzmA was dominant over the loss of GzmB, and the infection progression in GzmA/B dKO 

mice phenocopied GzmA KO mice. This result agrees with previous findings in in vivo tumor models 

where the anti-tumoral advantage observed in mice that do not express GzmB is lost when, 

additionally, GzmA is absent in GzmA/B dKO (Cao et al., 2007), suggesting that the increased ability 

of GzmB deficient IELs to clear Salmonella infection is mediated by GzmA. 

The route that pathogens use to infect their hosts has a profound impact on the evolution of the 

host’s immune adaptations to them. Evolution of Gzms in particular, show evidence of species-

specific adaptation to selection pressures enforced by pathogens and the environment (Kaiserman 

et al., 2006). 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 (Zhou et al., 

2020).  While it remains to be established exactly how GzmA functions, especially since the activity 

of this protease is potentially enhanced by GzmB, we have now established that GzmA protects the 

gut against intestinal infection. Importantly, our work establishes a new paradigm where a Pfn-

independent role of GzmA and not classical Pfn/GzmB-driven cell death mediates protection against 

microbial infection. 
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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 Zaragoza. GzmA-/-GzmB-/- and Prf1-/- mice were co-housed with control 

age- and sex-matched C57BL/6J mice at weaning (between 3-4 weeks of age), whereas for 

experiments with GzmA-/- or GzmB-/- , wild-type littermate controls were used wherever possible. 

C57BL/6J and Rag2-/- (RAGN12) mice were purchased from Charles Rivers and Taconic, 

respectively. All mice were bred and maintained with approval by the University of Dundee ethical 

review committee, under a UK Home Office project license (PD4D8EFEF) in compliance with U.K. 

Home Office Animals (Scientific Procedures) Act 1986 guidelines, or approval by the University of 

Zaragoza ethical review committee (PI53/20) designated as Animal Welfare Body (Article 34, Royal 

Decree 53/2013). 

Bacterial strains 

Derivatives of Salmonella enterica serovar Typhimurium strain SL1344 were used: SL1334-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) (Bumann, 2002); 

SL1344-Lux was generated by introducing pEM7-lux plasmid (that expresses luxCDABE 

constitutively under the control of the synthetic promoter PEM7 (Lane et al., 2007)); ΔSPI1 strain 

(JVS-00405) was obtained from J. Vogel’s lab (Würzburg), and is a λ-Red knockout of the entire 

SPI1 island (Sittka et al., 2007). 

Infections and CFU determination 

9-12 weeks old female (18g-23g) and male (24g-30g) mice were infected with ampicillin-resistant 

SL1334-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 3h 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 supplemented 

with ampicillin (100 μg/ml) were performed to quantify the infection dose. For oral infection, food was 

removed at least 3h before gavage and mice were infected with 1.5 x 108 bacteria. For intravenous 

infection, mice were infected with 500 bacteria. For the streptomycin infection model, streptomycin 

sulphate (Sigma) was added into the drinking water for 24h (final concentration of 5mg/ml), 46h 

before oral infection. On the day of infection, food was removed at least 3h before gavage. Mice 

were orally infected with 100μl of PBS containing a total of 107 bacteria. To determine if epithelial 

cell invasion is necessary for granzyme action, the ΔSPI1 strain was used at a concentration of 9 x 

109 bacteria per mouse. In addition to weight loss monitoring, mice were monitored a minimum of 
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twice a day for apparition of clinical signs and a scoring system was used to assess the severity of 

infection. 

For CFU determination, mice were euthanized by a rising concentration of CO2 and death was 

confirmed by cervical dislocation. mLNs and spleen were collected, weighed, and transferred into 

2ml 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 5000Hz. 

Livers were weighed and crushed through a 70μm strainer in PBS+ 0.05% Triton X-100. 

Supernatants were serial diluted in LB + ampicillin (100μg/ml) medium and plated on LB + ampicillin 

plates. Colonies were counted after overnight incubation at 37°C. 

In vivo intestinal permeability assay 

Naïve and infected mice were treated with FITC-dextran dissolved in PBS (100mg/ml). Prior to 

treatment, mice were starved for 4h. Each mouse received 44mg of FITC-dextran solution per 100g 

body weight by oral gavage. After 4h, blood was collected, and the serum was separated. The 

concentration of FITC-dextran in serum was quantified by spectrophotometry with an excitation of 

485 nm using a CLARIOstar Plus plate reader. 

IEL isolation 

IEL were isolated as described in (James et al., 2020). Briefly, small intestines were cut from 

proximal duodenum to terminal ileum and flushed with 20 ml of cold PBS. Small intestines were 

longitudinally 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 1mM DTT. Small 

intestine pieces were agitated on a rotator or bacterial shaker for 40min at room temperature, 

centrifuged, vortexed and passed through a 100μm sieve. Cells were centrifuged in a 

36%/67% Percoll/PBS density gradient at 700g for 30 minutes. Total ΙEL 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 resuspended in 250μl of isolation medium. After incubation with Fc 

blocker and antibody cocktail mix (at a concentration of 10μl/ml and 50μl/ml, respectively), 80μl/ml 

of dextran beads were added to the cells. Labelled cells were then incubated in the magnet for 5min 

before pouring off the supernatant. The remaining cells were collected and used as CD8α+ IEL. 

Purity ranged between 75%-85%.  

LPL isolation 

Small intestines were cut from proximal duodenum to terminal ileum and flushed with 20 ml of cold 

PBS. Small intestines were longitudinally opened and stored on ice in 10 ml of PBS. Samples were 

vortexed 3 times for 10 seconds in PBS. Small intestines were then incubated for 30 min, with 

constant shaking, in “strip buffer” (PBS; 5% FBS; 1mM EDTA, 1mM DTT), prewarmed at 37°C.  After 
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the incubation, tissue was washed in PBS, then incubated for 45 min with constant shaking with 

“digest buffer” (RPMI; 10% FBS; 1mg/ml collagenase/dispase (Roche); 20μg/ml DNAse 1 (Sigma)). 

Supernatants containing LPL were then collected by pouring over a 70μm filter 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 24h with IL-15/IL-15R complex recombinant protein (100ng/ml, Thermo Fisher 

Scientific) and retinoic acid (100ng/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 SL1334 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 (eBioscience)], FoxP3 [clone FJK-16s (eBioscience)]. For CD107 surface marker 

staining, cells were incubated with brefeldin A 2h at 37°C before surface stain with a mix of CD107a 

(LAMP1) [clone 1D4B (BioLegend)] and CD107b (Mac-3) [clone M384 (BioLegend)]. 

mLN and spleen cell suspension 

Mice were culled by CO2 and tissues were collected. mLN were crushed through a 70μm strainer in 

RPMI medium (RPMI; 10% FBS; 1% glutamine; 1% penicillin-streptomycin). Spleens were crushed 

through a 70μm strainer and red blood cells were lysed, and remaining cells taken for flow cytometric 

analyses. 

MODE-K infection and CFU assays 

Ampicillin-resistant SL1334-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-
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glutamine, no antibiotics) and infected at a multiplicity of infection (MOI) of 10. For intracellular growth 

assessment, bacteria were pre-mixed with CD8α+ purified IEL (1:10 bacteria-effector ratio), or left 

untreated, for 15 min and the mix was then added to the MODE-K, for 1h. Cells were washed and 

treated with 50μg/ml of gentamicin in infection medium to kill off extracellular bacteria for 30 min (90 

min time point) and then kept in 12.5μg/ml of gentamicin. At indicated time points, bioluminescence 

was measured in a PHERAstar plate reader. To assess bacteria extracellular growth in presence of 

IEL, SL1334-lux were mixed with IEL (1:10 bacteria-effector ratio) and bioluminescence was 

measured at indicated time point. For assessment of intracellular growth of Salmonella, MODE-K 

cells were first infected with SL1334-lux (MOI of 10) for 1h, washed and treated with 50μg/ml of 

gentamicin. Then CD8α sorted IEL (1:10 bacteria-effector ratio) along with 100ng/ml of IL-15/IL-15R 

complex recombinant protein were added. At indicated time points, bioluminescence was measured 

using a PHERAstar plate reader.  

After 24h, 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 minutes with 100μl/well of Crystal Violet (0.75g in 

12.5ml water and 37.5ml methanol). After washing with water, the Crystal Violet was solubilised by 

adding 200μl/well of methanol. The solubilised Crystal Violet was quantified by reading absorbance 

at 570nm. The absorbance was normalised to the absorbance in infected MODE-K cells without IEL, 

to calculate the percentage cell death, using the formula : cell death (%)=100* [Abs(MODE-Kinf) – 

Abs(MODE-Kinf+IEL)/Abs(MODE-Kinf)]. 

Immunofluorescence and imaging 

Small intestinal tissue from GzmA sKO or GzmB sKO mouse 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 incubated at room 

temperature in 10 ml of fresh fixative for 2-3 hours 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 -180C. 15 µm 

sections of the frozen tissues were rehydrated in PBS, permeabilised for 10-15 min with 1% NP40 

in PBS, blocked for 1 hour 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 +40C. After 5 washes with PBS, the slides were stained for 1 

hour with Alexa Fluor 647-conjugated 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 dilution) 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 
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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 immersion 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 5mM 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 manufacturer’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-

5mm pieces and incubated in PBS containing 1mM EDTA for 20 minutes at 4oC on a tube roller. 

After being filtered through a 100µm sieve, the pieces were further incubated in PBS supplemented 

with 5mM EDTA for 30 minutes at 4oC. The tissue fragments were transferred into PBS and 

vigorously shaken for one minute. Isolated crypts were centrifuged for 3 minutes at 200g, mixed with 

Matrigel (Corning) and plated in a 24-well plate in ENR medium (Advanced DMEM/F12 

supplemented with 50ng/mL EGF (PeproTech), 100ng/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 

minutes at 37oC (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 10ng/mL soluble IL-15 and 100 U/mL IL-2. 48h later, live 

imaging of the co-culture was performed using Zeiss 710 confocal microscope system at 37oC and 

10% CO2, 20X dry objective. 20 z-stacks with 3µm interval of the region of interest (ROI) were 

acquired for at least 90 min. The mean track speed and track displacement length were analysed 

using Imaris by creating a Spot function that detected cells with diameter from 7.5µm - 8µm.   

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 

comparisons using Sidak’s multiple comparisons tests, unless otherwise stated in the figure legend. 

Standard annotations were used to denote significance: * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001.   
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SUPPLEMENTARY INFORMATION 

 
Supplementary Figure 1 
The specificity of GzmA and GzmB immunostaining in intestinal tissues. Frozen ileum sections from GzmA 

KO (second row) or GzmB KO (fourth row) mice and their WT littermates (first row and third row, 

correspondingly) were co-stained for GzmA (middle panels, and red on left panels) and GzmB (right panels, 

and green on left panels) and counterstained with phalloidin to show actin (white on left panels) and DAPI to 

show nuclei (blue on left panels). Maximal intensity projections of high-magnification images from several 

optical sections are shown. Scale bar= 5 µm. For each KO - wt pair, tissues were prepared and stained in 

parallel, and images were acquired and processed identically. Note a complete absence of GzmA or GzmB 

staining in the corresponding KO tissues. 
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Supplementary Figure 2 
A. Absolute numbers of CD103+ IEL in WT, GzmA sKO, GzmB sKO and GzmA/B dKO mice. B. Comparison 

of the percentage of GzmA (left) or GzmB (right) positive IEL in WT and Gzm sKO mice (n>5). C. Comparison 

of the percentage of positive WT and GzmA/B dKO IEL for CD103, CD69, CD160, Lag-3, LILRB4, TIGIT and 

CD96 surface markers (n>3) D. Comparison of WT and GzmA/B dKO IEL displacement length (left) and speed 

(right) in IEL-enteroid co-cultures (n=3/group). E. Comparison of the expression of CCR9 (upper panel) and 
α4β7 (lower panel) on ex vivo IEL and IEL cultured with Retinoic acid and IL-15. F. Bar graph showing the 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 23, 2021. ; https://doi.org/10.1101/2021.11.07.467595doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.07.467595
http://creativecommons.org/licenses/by/4.0/


 Gzms in intestinal infection 
 

   
 

27 

number of CD45+ cells collected in the SI epithelium after ex-vivo (n=3) or cultured (n=2) IEL transfer into 

Rag2-/- mice. G. Competitive transfer of cultured WT and GzmA/B dKO IEL into Rag2-/- mice. WT and GzmA/B 

dKO IEL were mixed at a ratio of 1:1 before the transfer. Bar graphs show the ratio of GzmA positive cells in 

the TCRβ and TCRγδ population before the transfer (n=2) and 4 weeks after the transfer (n=4). All data are 

represented as mean ± SEM. 
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Supplementary Figure 3 

Chemokine and cytokine levels in plasma of naïve and orally infected (A) GzmA/B dKO (n=9), (B) GzmA sKO 

(n=12) and (C) GzmB sKO (n=12), compared to WT (n>9) mice 5 days post Salmonella infection. Data were 

pooled from 2 independent experiments. All data are represented as mean ± SEM. 
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Supplementary Figure 4 
Dot plots comparing intestinal permeability in naïve (n=5) and orally (n>9) infected WT and GzmB sKO mice. 

The concentration of the FITC dextran was measured in the serum of the mice 4h after the gavage.  
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