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INTRODUCTION

The enzyme transglutaminase 2 (TG2) is an extremely versatile protein exhibiting transamidase, protein disulfide isomerase and guanine and adenine nucleotide binding and hydrolyzing activities [START_REF] Gundemir | Transglutaminase 2: a molecular Swiss army knife[END_REF]. Also designated as "tissue transglutaminase", it is ubiquitously expressed in the cytoplasm and at the cell surface in association with the extracellular matrix [START_REF] Eckert | Transglutaminase Regulation of Cell Function[END_REF]. The transamidase activity is the best described activity, and it is regulated by Ca 2+ [START_REF] Folk | Mechanism of Action of Guinea Pig Liver Transglutaminase: II. THE ROLE OF METAL IN ENZYME ACTIVATION[END_REF]. It results in the formation of cross-links between proteins, or of post-translational modification of a protein substrate through incorporation of a small primary amine, or deamidation of a glutamine into a glutamate. Under steady-state conditions, TG2 exists in a compact, inactive conformation. Increase in intracellular Ca 2+ concentration (upon stress, cell activation, etc) causes a conformational change, and the enzyme becomes catalytically active as a transamidase. Studies of genetically engineered mouse models and/or inherited disorders have implicated TG2 in several pathological conditions [START_REF] Iismaa | Transglutaminases and disease: lessons from genetically engineered mouse models and inherited disorders[END_REF]. In particular, increased TG2 expression and transamidation activity is a common feature of many inflammatory diseases and events [START_REF] Eckert | Transglutaminase Regulation of Cell Function[END_REF]. Possibly linked to its increased expression in inflammatory processes, several lines of evidence suggest the involvement of TG2 during cancer development [START_REF] Huang | Transglutaminase 2 in cancer[END_REF].

Surprisingly, while the association between TG2 activity and inflammatory situations has been studied in several normal and pathological situations (Di [START_REF] Sabatino | The function of tissue transglutaminase in celiac disease[END_REF][START_REF] Huang | Transglutaminase 2 in cancer[END_REF][START_REF] Ientile | Transglutaminase 2 and neuroinflammation[END_REF][START_REF] Iismaa | Transglutaminases and disease: lessons from genetically engineered mouse models and inherited disorders[END_REF][START_REF] Liu | Inflammation, Autoimmunity, and Hypertension: The Essential Role of Tissue Transglutaminase[END_REF], the implication of this enzyme in a very classical inflammatory process, e.g. the defense response of a tissue to the invasion by a microorganism, has remained very poorly investigated. Chlamydia trachomatis is the most common sexually transmitted bacterial pathogen, and it develops inside a vacuole in a human host cell, typically an epithelial cell of the genital tract (reviewed in [START_REF] Abdelrahman | The chlamydial developmental cycle[END_REF]). This obligate intracellular bacterium depends on the host to supply several essential metabolites, and in particular glucose [START_REF] Gehre | Transglutaminase-dependent RhoA Activation and Depletion by Serotonin in Vascular Smooth Muscle Cells[END_REF][START_REF] Stephens | Genome sequence of an obligate intracellular pathogen of humans: Chlamydia trachomatis[END_REF]. Epithelial cells respond to the infection with the secretion of proinflammatory cytokines such as interleukin-6 (IL-6) and IL-8 [START_REF] Rasmussen | Secretion of proinflammatory cytokines by epithelial cells in response to Chlamydia infection suggests a central role for epithelial cells in chlamydial pathogenesis[END_REF]. The inflammatory response is exacerbated upon reinfection, ultimately leading to tissue damage such as hydrosalpinx and fibrosis [START_REF] Brunham | Immunology of Chlamydia infection: Implications for a Chlamydia trachomatis vaccine[END_REF]. In this work, we show that TG2 becomes activated during the infection of epithelial cells with C. trachomatis, and is required for optimal bacterial growth. The investigation of the consequence of TG2 activation on host metabolism and the identification of targets of TG2 transamidase activity during infection uncovered the control exerted by this enzyme on glucose import and on the hexosamine biosynthesis pathway, two metabolic features that are exploited by C. trachomatis.

RESULTS

TG2 is highly expressed and becomes active during C. trachomatis infection

A widely-used technique to probe TG2 activation is to measure the incorporation of biotin pentylamine (BP) into proteins. When present in excess, this membrane permeable primary amine out-competes other substrates for the transamidase reaction catalyzed by TG2 and becomes covalently linked to glutamine residues of TG2 substrate proteins. The biotin group is then easily detectable by western blot using streptavidin coupled to horseradish peroxidase (HRP) [START_REF] Lee | Identification of transglutaminase substrates in HT29 colon cancer cells: use of 5-(biotinamido)pentylamine as a transglutaminase-specific probe[END_REF]. This procedure was applied to HeLa cells infected or not for 48 h with C. trachomatis. In non-infected samples, BP incorporation was extremely low, as expected since in resting cells low Ca 2+ concentration maintains TG2 in an inactive conformation [START_REF] Gundemir | Transglutaminase 2: a molecular Swiss army knife[END_REF]. In contrast, infected cells showed a significant incorporation of BP. CP4d, an inhibitor of TG2 transamidating activity [START_REF] Caron | Using FLIM-FRET to Measure Conformational Changes of Transglutaminase Type 2 in Live Cells[END_REF], abolished BP incorporation in a dose-dependent manner, indicating that BP incorporation was the result of the transamidase activity of TG2 (Fig. 1A). Live proliferating bacteria were needed for TG2 activation since filtered or heat-inactivated bacteria, or bacteria treated with the antibiotic doxycycline immediately after infection to prevent their proliferation, failed to induce BP incorporation (Fig. 1B and Fig. S1). BP incorporation upon infection was also observed in wild type mouse embryonic fibroblasts (MEFs) but not in MEFs isolated from tgm2 knocked-out animals (TG2 -/-), further supporting the implication of TG2 in this process (Fig. 1C).

Probing cellular lysates using anti-TG2 antibodies showed that activation of TG2 was accompanied with an increased expression of the enzyme (Fig. 1D). Consistent with this observation, inhibition of protein synthesis with cycloheximide decreased infection-induced BP incorporation (Fig. 1B). Reverse transcription followed by quantitative PCR (RT-qPCR) measurements revealed a 3-to 4-fold increase in the TGM2 gene transcripts in infected versus non-infected cells, demonstrating that the increase in TG2 amount during infection is at least partly controlled at the transcriptional level (Fig. 1E). Interestingly, a positive feedback loop controls in part TG2 expression since TGM2 transcription was no longer enhanced by infection when cells were treated with CP4d (Fig. 1E). TGM2 transcription responds to a number of external stimuli including retinoic acid, hypoxia, and inflammatory cytokines such as IL-6 [START_REF] Eckert | Transglutaminase Regulation of Cell Function[END_REF][START_REF] Suto | Expression induced by interleukin-6 of tissue-type transglutaminase in human hepatoblastoma HepG2 cells[END_REF]. We reasoned that IL-6 might be implicated in the transcriptional up-regulation of TG2 in Chlamydia infected cells as this cytokine is produced during infection [START_REF] Rasmussen | Secretion of proinflammatory cytokines by epithelial cells in response to Chlamydia infection suggests a central role for epithelial cells in chlamydial pathogenesis[END_REF]. We first verified that TGM2 transcription showed a dose-dependent response to the addition of recombinant IL-6 in the culture medium (Fig. 1F). To test if IL-6 contributes to the transcriptional up-regulation of TGM2 during infection we next performed the infection in the presence of anti-IL-6 receptor antibodies. We observed a reduction of TGM2 transcription in infected cells with increasing concentrations of antibodies in the culture medium (Fig. 1G). Altogether, these data indicate that the induction of TGM2 transcription in C. trachomatis infected cells is at least in part a consequence of IL-6 secretion in response to infection, followed by signaling through the IL-6 receptor.

In conclusion, C. trachomatis infection increases TG2 levels and activates its transamidase activity.

TG2 activity sustains bacterial growth

To determine if TG2 activity affected bacterial development, we infected HeLa cells in the presence or not of the transamidase inhibitor CP4d. Thirty hours later, the progeny was collected and the number of infectious bacteria was determined by infecting fresh cells. Inhibition of TG2 activity with 40 µM CP4d resulted in a 2-fold decrease in bacterial progeny (Fig. 2A). Consistently, a similar reduction in bacterial progeny was observed when TG2 activity was inhibited by cysteamine, another less specific inhibitor of TG2 (Figure EV1A). Progeny was also reduced when the bacteria were grown on TG2 -/-MEFs compared to TG2 +/+ , indicating that the effect we had observed with TG2 inhibitors was not due to a direct toxicity of CP4d or cysteamine on the bacteria (Fig. EV1B). Consistent with these observations, silencing TG2 expression with two different siRNA resulted in up to a 3-fold decrease in progeny (Fig. 2B). To confirm these findings in primary cells, we used epithelial cells isolated from fallopian tubes [START_REF] Roth | Hypoxia abrogates antichlamydial properties of IFN-gamma in human fallopian tube cells in vitro and ex vivo[END_REF]. CP4d was even more potent at reducing the progeny after one developmental cycle in these cells than in HeLa cells, as a ten-fold reduction was observed for 10 µM CP4d (Fig. 2C). The negative impact of TG2 inhibition on bacterial development was also observed in primary cells infected with C. trachomatis serovar D, showing that the effect is not restricted to the LGV biovar (Fig. 2C).

Reduced progeny could result from impairment of one or several of the steps of the chlamydial developmental cycle: adhesion, entry, differentiation into the replicative form, proliferation, and differentiation into the infectious form. We observed that the absence of TG2 in TG2 -/-MEFs had no effect on bacterial adhesion (Fig. EV1C), but that it decreased the efficiency of bacterial internalization (Fig. EV1D). Consistently, 40 µM CP4d decreased the percentage of infected cells by about 2-fold in HeLa cells (Fig. 2D). In addition, inclusions were smaller in cells treated with CP4d, and contained less bacteria, indicating that bacterial growth was slower in the absence of TG2 activity (Fig. 2D). The reduction of inclusion size when TG2 was inhibited was also observed in primary cells infected with C. trachomatis L2 or serovar D (Fig. 2E).

We next tested the incidence of the absence of TG2 on chlamydial development in a mouse model of infection. Chlamydia muridarum is a mouse-adapted strain genetically very close to C. trachomatis [START_REF] Read | Genome sequences of Chlamydia trachomatis MoPn and Chlamydia pneumoniae AR39[END_REF]. Infection of HeLa cells with C. muridarum also activated TG2 (Fig. EV2A), and we observed the same effect of silencing TG2 on C. muridarum growth as on C. trachomatis (Fig. EV2B). We infected TG2 +/+ and TG2 -/-mice intravaginally with C. muridarum and 25 days after infection, mice were sacrificed and the genital tract was isolated (Fig. 2F). DNA was extracted from the upper genital tract and bacterial load was determined by qPCR. A slightly higher number of mice retained detectable bacterial DNA in the wild type group (10/16, 62 %, for the TG2 +/+ and 4/9, 44% for the TG2 -/- mice). Among the animals in which bacterial DNA was still detected, the trend was for a higher bacterial load in the wild type background, but the number of TG2 -/-animals we could breed was too low for statistical significance. These data indicate that the absence of TG2 reduces only marginally, if at all, the ability for C. muridarum to establish an infection. It is however possible that in some tissues the loss of TG2 is compensated by expression of other transglutaminases, limiting the interpretation of these data [START_REF] Iismaa | Transglutaminases and disease: lessons from genetically engineered mouse models and inherited disorders[END_REF]. One clear difference between the two groups came from anatomical observations: TG2 -/-animals showed milder signs of inflammation than their wild type littermate, especially when the oviduct hydrosalpinx scores were compared. It thus appears that the presence of TG2 exacerbates the tissue damage in this mouse model of infection, in line with the implication of TG2 in tissue fibrosis [START_REF] Eckert | Transglutaminase Regulation of Cell Function[END_REF][START_REF] Iismaa | Transglutaminases and disease: lessons from genetically engineered mouse models and inherited disorders[END_REF].

TG2 plays a central role in metabolic rewiring

We have recently shown that C. trachomatis acts as a glucose sink [START_REF] Gehre | Transglutaminase-dependent RhoA Activation and Depletion by Serotonin in Vascular Smooth Muscle Cells[END_REF]. The host cell responds to glucose demand by increasing glucose uptake through overexpression of plasma membrane glucose transporters [START_REF] Ojcius | Enhancement of ATP levels and glucose metabolism during an infection by Chlamydia[END_REF][START_REF] Wang | Orchestration of the mammalian host cell glucose transporter proteins-1 and 3 by Chlamydia contributes to intracellular growth and infectivity[END_REF]. Since we observed that TG2 level was increased during C. trachomatis infection, we wondered if this increase could control the concomitant increase in glucose transporter expression, as it does in mammary epithelial cells [START_REF] Kumar | Transglutaminase 2 reprogramming of glucose metabolism in mammary epithelial cells via activation of inflammatory signaling pathways[END_REF]. If this hypothesis was correct, one prediction that we could make was that low glucose availability in the culture medium should be more detrimental to bacterial growth in TG2 -/- MEFs compared to the wild type MEFs, as TG2 -/-MEFs would be impaired in their ability to adjust their glucose uptake to sustain bacterial growth. To test this hypothesis, we grew MEFs in medium containing decreasing concentrations of glucose and measured the number of infectious bacteria collected 30 hpi. As expected we observed that decreasing glucose availability resulted in a sharp decrease in bacterial titers, in both cellular backgrounds. However, bacterial titers were more sensitive to glucose deprivation in the TG2 -/-MEFs than in the wild-type cells (Fig. 3A). For instance, at 1 mg/mL glucose, the progeny was reduced by 82% in the TG2 -/-MEFs, compared to only 35% in the TG2 +/+ MEFs.

To test the implication of TG2 in the rewiring of host metabolism more directly, we measured the incidence of TG2 inactivation on the cell capacity to uptake glucose. HeLa cells infected with C. trachomatis show increased transcription of GLUT-1 and GLUT-3, which allows to increase glucose uptake and meet bacterial needs [START_REF] Wang | Orchestration of the mammalian host cell glucose transporter proteins-1 and 3 by Chlamydia contributes to intracellular growth and infectivity[END_REF]. We reproduced this result in HeLa cells, as well as in primary cells isolated from the endocervix (Fig. 3B). In contrast, in the presence of the TG2 inhibitor CP4d, the transcription of the glucose transporter genes was no longer induced by infection, indicating that TG2 is necessary for the control of GLUT-1 and GLUT-3 transcription. Absence of increase in GLUT-1 and GLUT-3 transcripts 48 hpi in the presence of CP4d was not due to the lower bacterial burden because when bacterial proliferation was interrupted 24 hpi by addition of doxycycline we observed a comparable reduction in bacterial load at 48 hpi as in cells treated with CP4d, but the transcription of the glucose transporter genes remained as high as in non-treated cells (Fig. S2).

Finally, to explore further the incidence of TG2 expression on that of glucose transporters we examined transcriptional data from a cohort of high grade serous ovarian cancer (HGSOC) patients. This population was chosen because clinical and biological data indicate that TG2 overexpression is an adverse prognostic factor in ovarian carcinoma [START_REF] Hwang | Clinical and Biological Significance of Tissue Transglutaminase in Ovarian Carcinoma[END_REF][START_REF] Shao | Epithelial-to-Mesenchymal Transition and Ovarian Tumor Progression Induced by Tissue Transglutaminase[END_REF]. We observed a significant correlation between expression of TGM2 and GLUT-3 across the 265 clinical HGSOC specimens (ρ=0.50, P<0.001) (Fig. 3C). The HGSOC cohort also demonstrated significant correlation between TG2 and GLUT-1 expression, though the magnitude of correlation was less marked (ρ=0.21, P<0.001) (Fig. 3C). Collectively, these data support the notion that TG2 plays a central role in regulating glucose transporters expression regulation in the context of infection or malignancy, thereby playing a central role in the control of the metabolic balance.

The hypoxia-inducible factor 1 and the transamidase activity of TG2 are required for the transcriptional up-regulation of glucose transporters

One major transcriptional regulator of the expression of glucose transporters is the hypoxia-inducible factor 1 (HIF-1), which is increased during Chlamydia infection [START_REF] Sharma | HIF-1alpha is involved in mediating apoptosis resistance to Chlamydia trachomatis-infected cells[END_REF]. Infection did not result in an increase in HIF-1a transcripts, indicating that the increase in HIF-1 a occurs by stabilization of the transcription factor (Fig. 3D).To test whether HIF-1 was implicated in infection-induced up-regulation of glucose transport we silenced HIF-1a expression before infecting the cells. Under these conditions, we observed a loss of induction of GLUT-1 and GLUT-3 transcription in infected cells. In contrast, the increase in TGM2 transcripts upon infection remained, placing HIF-1a downstream of TGM2 induction (Fig. 3E).

In the presence of the TG2 inhibitor CP4d, the transcription of the glucose transporter genes was no longer induced by infection (Fig. 3B), indicating that the transamidase activity of TG2 was required. However, this observation could also be accounted for by the inhibition that CP4d exerts on TG2 expression in infection (Fig. 1E). To address directly the role of TG2 transamidase activity in the regulation of the expression of glucose transporter genes we used TG2 -/-MEFS in which TG2 wild-type or mutated for the transamidase activity (C277S mutant) were constitutively expressed [START_REF] Rossin | TG2 transamidating activity acts as a reostat controlling the interplay between apoptosis and autophagy[END_REF]. We focused on the regulation of GLUT-1, as we did not observe an increase in GLUT-3 expression upon infection in this cellular background. Consistently with our previous findings, infection failed to induce an increase in GLUT-1 transcripts in TG2 -/-MEFS (Fig. 3F). Constitutive expression of wild-type TG2, but not of the C277S mutant, restored the induction of GLUT-1 transcription upon infection. This observation demonstrates that the transamidase activity of TG2 is required for the increase in GLUT-1 transcription upon infection.

Altogether, these data show that the transcription factor HIF-1, and TG2 transamidating activity, are both required for the up-regulation of glucose transporters during C. trachomatis infection.

TG2 targets glutamine:fructose-6-P amidotransferase and enhances its activity

In addition to its role in the up-regulation of the transcription of glucose transporter genes, TG2 may confer other benefits to C. trachomatis. To identify TG2 targets in the infectious process, HeLa cells were infected in the presence or absence of BP. Forty-eight hours later the cells were lysed and biotinylated proteins were isolated on streptavidin-coated beads, and identified by mass-spectrometry. Sixty-two proteins were found to be significantly enriched in the infected cell lysates grown in the presence of BP (Table S1). Fibronectin, galectin 3, RhoA, 40S ribosomal protein SA, immunoglobulin k chain C region and hemoglobin beta were already identified as TG2 substrates [START_REF] Gehre | Transglutaminase-dependent RhoA Activation and Depletion by Serotonin in Vascular Smooth Muscle Cells[END_REF][START_REF] Mehul | Cross-linking of galectin 3, a galactose-binding protein of mammalian cells, by tissue-type transglutaminase[END_REF][START_REF] Nelea | Size distribution and molecular associations of plasma fibronectin and fibronectin crosslinked by transglutaminase 2[END_REF][START_REF] Orrù | Proteomics Identification of Acylacceptor and Acyl-donor Substrates for Transglutaminase in a Human Intestinal Epithelial Cell Line: IMPLICATIONS FOR CELIAC DISEASE[END_REF][START_REF] Pincus | The specificity of transglutaminase. I. Human hemoglobin as a substrate for the enzyme[END_REF][START_REF] Sohn | A novel therapeutic target in inflammatory uveitis: transglutaminase 2 inhibitor[END_REF]. BAG2 and several other mitochondrial proteins were also enriched in the samples prepared in the presence of BP, in agreement with TG2 being present and active in this compartment [START_REF] Altuntas | The transglutaminase type 2 and pyruvate kinase isoenzyme M2 interplay in autophagy regulation[END_REF].

Among the potential TG2 substrates we identified in C. trachomatis infected cells, the enzyme glutamine:fructose-6-P amidotransferase (GFPT) caught our attention because it uses fructose-6-P as a substrate, which is derived from glucose-6-P. Moreover, both isoforms of the enzyme, GFPT1 (also called GFAT) and GFPT2, had been recovered from the proteomic approach, making it a very strong hit. We first confirmed that GFPT was recovered in the biotinylated fraction of cells infected with C. trachomatis in the presence of BP using anti-GFPT antibodies. The abundance of GFPT in the biotinylated fraction strongly decreased when infection had been performed in the presence of the TG2 inhibitor CP4d, demonstrating that incorporation of the biotinylated probe in GFPT depended on the activity of TG2 (Fig. 4A).

To further validate that GFPT is a novel substrate of TG2, purified TG2 and recombinant human GFPT1 (rhGFPT1) were incubated for 3 h at 37 °C in the presence of BP as primary amine donor. The incorporation of the biotinylated probe was analyzed by blotting with HRPcoupled streptavidin. The biotinylated probe was incorporated into rhGFPT1 in the presence and not in the absence of TG2. Furthermore, chelation of Ca 2+ by EGTA inhibited the incorporation of the probe, as expected for a reaction dependent on the transamidase activity of TG2 (Fig. 4B). We concluded from these experiments that GFPT is a novel substrate of TG2 that becomes modified by the transamidase activity of the enzyme during C. trachomatis infection.

In order to determine which glutamine residue(s) of GFPT1 was modified by TG2 in vitro, we analyzed the products of the reaction by mass spectrometry. BP incorporation was identified in ten glutamine residues (out of twenty-eight, Fig. 4C), presumably because promiscuous reactions occur in vitro. Among those, two glutamine residues were identified as prone to modification by TG2 using bioinformatics tools designed to score the peptidic environment favorable for TG2 activity, namely Q328 and Q555 [START_REF] Keresztessy | Phage display selection of efficient glutamine-donor substrate peptides for transglutaminase 2[END_REF][START_REF] Sugimura | Screening for the preferred substrate sequence of transglutaminase using a phage-displayed peptide library: identification of peptide substrates for TGASE 2 and Factor XIIIA[END_REF]. We thus generated a glutamine to asparagine point mutant for each of these residues to minimize the impact on protein folding. As a control, we also mutated Q58, another candidate target identified by mass spectrometry but not surrounded by a consensus sequence for TG2. Purified recombinant proteins were incubated with TG2 and BP for 30 min at 37 °C before stopping the reaction. BP incorporation was significantly reduced only in the rhGFPT1 Q328N, indicating that the Q328 is a prominent glutamine for modification by TG2 (Fig. 4D).

The fact that C. trachomatis produce their own GFPT (named GlmS) prevented us from measuring the consequence of TG2 activation on host GFPT activity in infected cells. However, ionomycin is a widely used TG2 activator, as this Ca 2+ ionophore increases intracellular Ca 2+ concentration, which opens TG2 in its active conformation. We thus measured GFPT activity in lysates of cells treated or not with ionomycin, and analyzed the reaction products by high performance anion exchange chromatography (Fig. S3). We observed a three-fold increase in GFPT activity in cells treated with ionomycin, indicating that GFPT modification by TG2 increases the activity of the enzyme (Fig. 4E).

Modification of GFPT by TG2 enhances the hexosamine biosynthesis pathway

The reaction catalyzed by GFPT is the first and rate limiting step of the hexosamine biosynthesis pathway (HBP, Fig. 5A). The HBP leads to the formation of uridine 5'-diphospho-N-acetylglucosamine (UDP-GlcNAc), which is further used for N-glycosylation, N-glycan branching, and O-linked N-acetylglycosylation (O-GlcNAcylation) in the ER, Golgi, and nucleus/cytosol, respectively. O-GlcNAcylation involves the transfer of a single UDP-GlcNAc moiety to the hydroxyl groups of serine or threonine residues. Two enzymes, O-GlcNActransferase (OGT) and O-GlcNAcase (OGA), catalyze O-GlcNAc addition and removal, respectively and the O-GlcNAc modification level of proteins is directly dependent on the concentration of UDP-GlcNAc, the donor substrate for OGT [START_REF] Kreppel | Regulation of a Cytosolic and Nuclear O-GlcNAc Transferase: ROLE OF THE TETRATRICOPEPTIDE REPEATS[END_REF]. To confirm that GFPT modification by TG2 increased its activity and thus hexosamine biosynthesis we measured the level of O-GlcNAcylation in primary epithelial cells. We observed an increase in O-GlcNAcylation in cells treated with ionomycin. This increase was dependent on TG2 activity since it was not observed in the presence of the TG2 inhibitor CP4d (Fig. 5B) or in cells in which TGM2 expression had been silenced using siRNA (Fig. 5C). Altogether these experiments show that activation of TG2 transamidase activity enhances the HBP.

The increase in the hexosamine biosynthetic pathway is hijacked by the bacteria Surprisingly, we did not observe an increase in O-GlcNAcylation in cells infected for 48 h by C. trachomatis (Fig. 6A). Since O-GlcNAcylation directly depends on UDP-GlcNAc concentration this observation suggests that UDP-GlcNAc levels in the cytoplasm are not significantly increased in infected cells. We have previously demonstrated that C. trachomatis co-opts SLC35D2, a host antiporter transporting UDP-GlcNAc, UDP-glucose and GDP-mannose to import these metabolites into the vacuole in which the bacteria develop [START_REF] Gehre | Transglutaminase-dependent RhoA Activation and Depletion by Serotonin in Vascular Smooth Muscle Cells[END_REF]. We reasoned that UDP-GlcNAc might not accumulate in the cytoplasm in infected cells because it was relocated to the inclusion lumen. Supporting this hypothesis, we observed that activation of TG2 by ionomycin elicited a lower increase in O-GlcNAcylation in infected cells compared to non-infected cells, indicating that less free UDP-GlcNAc is available for O-GlcNAcylation in the infected host cytoplasm (Fig. 6B). Importantly GFPT expression was stable in all conditions, indicating that the decrease in O-GlcNAcylation in infected cells is not due to lower GFPT expression (Fig. 6A-B).

In Gram-negative bacteria, UDP-GlcNAc supply is mostly used for lipopolysaccharide and peptidoglycan biosynthesis. C. trachomatis do not have a classical cell wall but use peptidoglycan synthesis for bacterial division [START_REF] Liechti | Pathogenic Chlamydia Lack a Classical Sacculus but Synthesize a Narrow, Mid-cell Peptidoglycan Ring, Regulated by MreB, for Cell Division[END_REF]. If UDP-GlcNAc, or an intermediate along the hexosamine biosynthesis pathway, was consumed at least partly in making bacterial peptidoglycan, lowering hexosamine biosynthesis should delay bacterial division, resulting in larger bacteria being formed. We tested this hypothesis by measuring the consequence of silencing GFPT, the rate-limiting enzyme in hexososamine biosynthesis, on bacterial size. The mass spectrometry data showed that both isoforms GFPT1 and GFPT2 were expressed in HeLa cells (Table S1). Comparison of the efficiency of siRNA designed to target specifically one isoform showed that GFPT2 was hardly detectable and targeting GFPT1 was sufficient to strongly decrease GFPT expression (Fig. 6C). We thus lowered hexosamine biosynthesis by treating cells with a siRNA against GFPT1 prior to infection, fixed the cells at increasing time of infection and used flow cytometry to measure bacterial sizes. As expected, the number of replicative bacteria increased with infection time (Fig. S4). Furthermore, it was recently demonstrated that replicative bacteria gradually decrease in size over the course of the developmental cycle [START_REF] Lee | Replication-dependent size reduction precedes differentiation in Chlamydia trachomatis[END_REF]. We indeed observed a decrease in bacterial diameter over a 20 to 26 hpi time course, thereby validating the use of flow cytometry to measure the size of C. trachomatis (Fig. S4 and6D). In cells treated with a siRNA against GFPT1 the mean bacterial diameter became significantly higher than in control cells 24 hpi (Fig. 6D). We confirmed this result by measuring the diameter of bacteria on electron microscopy pictures of cells infected for 30 h (Fig. EV3). These kinetics fit well with our observation that TG2 activity increases between 24 and 48 hpi, when bacterial load is high, and access to nutrients might become limiting [START_REF] Rother | Combined Human Genome-wide RNAi and Metabolite Analyses Identify IMPDH as a Host-Directed Target against Chlamydia Infection[END_REF]. These observations support the hypothesis that a product of the hexosamine biosynthesis pathway is captured by the inclusion to support division. Consistent with a role for GFPT activity in sustaining bacterial growth we observed a reduction in the number of bacteria per inclusion 24 h post infection in the cells treated with siRNA against GFPT1, and the progeny collected was reduced 3-fold (Fig. 6E). Of note, silencing of GFPT1 had no incidence on bacterial entry and the initiation of bacterial development, as the percentage of infected cells was identical to that in control cells (Fig. 6E). Altogether, these data strongly support the hypothesis that the increase in hexosamine biosynthesis by the host upon GFPT modification by TG2 is exploited by the bacteria, in particular to assist bacterial division. Interestingly, we observed that silencing TG2 also increased bacterial size (Fig. 6D). While silencing TG2 has multiple effects beyond harnessing the HBP, these data are fully consistent with GFPT activation being one of the major outcomes of TG2 upregulation during C. trachomatis infection. DISCUSSION TG2 transamidase activity is very potent, and would be deleterious if not tightly controlled. In basal conditions it is mostly turned off, and it is thought that under specific stress conditions, the enzyme might be locally turned on and transamidate specific substrates. The infection with C. trachomatis provided a unique physiological situation where the expression and activity of the enzyme were increased over a relatively short period of time in a physiological set-up. We took advantage of this observation to identify TG2 substrates. Among the 62 candidates identified, we focused on the enzyme GFPT. We showed that GFPT modification by TG2 increased its activity, resulting in higher hexosamine biosynthesis, a process also fueled by the positive control exerted by TG2 on glucose transporters expression. The product of the HBP, UDP-GlcNAc, is used for post-translational modification of proteins by O-GlcNAcylation. Thus, our work uncovered an unsuspected link between TG2 transamidase activity and O-GlcNAcylation. This link was disrupted in infected cells because the increase in hexosamine biosynthesis in the host was exploited by the bacteria, in particular to assist their division. In conclusion, our work establishes TG2 as a key player in controlling glucose-derived metabolic pathways in mammalian cells, themselves hijacked by C. trachomatis to sustain their own metabolic needs (Fig. 6F).

Several inflammatory conditions are associated with an increase in TG2 expression [START_REF] Eckert | Transglutaminase Regulation of Cell Function[END_REF]. We confirmed that IL-6 up-regulates TGM2 transcription [START_REF] Eckert | Transglutaminase Regulation of Cell Function[END_REF][START_REF] Suto | Expression induced by interleukin-6 of tissue-type transglutaminase in human hepatoblastoma HepG2 cells[END_REF] and we showed that this cytokine is implicated in the increase in TGM2 transcription during C. trachomatis infection [START_REF] Rasmussen | Secretion of proinflammatory cytokines by epithelial cells in response to Chlamydia infection suggests a central role for epithelial cells in chlamydial pathogenesis[END_REF] since anti-IL-6 receptor antibodies antagonized the induction of TG2 expression. How the enzyme becomes activated is less clear. In the cell Ca 2+ concentration is high in the endoplasmic reticulum, and this compartment is tightly associated to the inclusion membrane [START_REF] Derré | The lipid transfer protein CERT interacts with the Chlamydia inclusion protein IncD and participates to ER-Chlamydia inclusion membrane contact sites[END_REF]. The unfolded protein response pathway is activated in infected cells [START_REF] Gehre | Transglutaminase-dependent RhoA Activation and Depletion by Serotonin in Vascular Smooth Muscle Cells[END_REF], a condition that might be sufficient to activate TG2 [START_REF] Lee | Endoplasmic reticulum stress activates transglutaminase 2 leading to protein aggregation[END_REF]. Indeed accumulation of cytoplasmic Ca 2+ around the inclusion has been reported [START_REF] Majeed | Localization of intracellular Ca2+ stores in HeLa cells during infection with Chlamydia trachomatis[END_REF], which might be enough to locally activate TG2.

Treatment of cells with a potent inhibitor of TG2, CP4d, reduced progeny ten-fold in primary epithelial cells (Fig. 2). We have shown that the inhibition of TG2 activity had two distinct effects on C. trachomatis developmental cycle. First, it reduced the ability for the bacteria to enter the cells (Fig. S2). C. trachomatis use multiple receptors and appear to hijack several entry pathways into epithelial cells [START_REF] Ford | Chlamydia exploits filopodial capture and a macropinocytosis-like pathway for host cell entry[END_REF]. The positive role played by TG2 on bacterial entry, which could be exerted from its intracellular or extracellular location, remains to be studied in future work. One attractive candidate mechanism is PDGFR signaling, since it is implicated in C. trachomatis entry [START_REF] Elwell | RNA interference screen identifies Abl kinase and PDGFR signaling in Chlamydia trachomatis entry[END_REF] and it is sensitive to TG2 activity [START_REF] Nurminskaya | Transglutaminase 2 promotes PDGFmediated activation of PDGFR/Akt1 and beta-catenin signaling in vascular smooth muscle cells and supports neointima formation[END_REF]. Second, the inclusion developed slower in CP4d-treated culture, indicating that TG2 is necessary for optimal bacterial growth. We discuss below the two mechanisms we uncovered that account for the link between TG2 activation and bacterial development, and place TG2 as a key regulator of bacterial access to glucose and its derivative UDP-GlcNAc.

We have shown that TG2 is required for the increase in transcription of GLUT-1 and GLUT-3 in infection in HeLa cells and in primary epithelial cells (Fig. 2). Glucose is an essential metabolite for C. trachomatis development and preventing the transcription of GLUT-1 and GLUT-3 by siRNA led to a two-fold decrease in progeny in HeLa cells [START_REF] Wang | Orchestration of the mammalian host cell glucose transporter proteins-1 and 3 by Chlamydia contributes to intracellular growth and infectivity[END_REF]. This result shows that glucose import can become limiting for bacterial growth, and thus that the control exerted by TG2 on the expression of glucose transporters accounts, at least in part, for the need for this enzyme for optimal bacterial growth. This conclusion is supported by our observation that glucose becomes limiting faster for bacterial progeny in MEFs lacking TG2 than in wild-type cells. Thus, our study places TG2 as a key regulator for glucose import in infected cells.

Mechanistically, we showed that HIF-1 was required for Chlamydia-induced increase in the transcription of glucose transporters. HIF-1a transcription does not increase during infection. TG2 interacts with HIF-1b [START_REF] Filiano | Transglutaminase 2 protects against ischemic insult, interacts with HIF1beta, and attenuates HIF1 signaling[END_REF], and an increase in TG2 levels upon infection might be sufficient to stabilize the HIF-1 complex. It is however not sufficient to account for infection-induced up-regulation of glucose transporters since we demonstrated that the transamidating activity of TG2 was required in this context. Through a series of elegant experiments the Johnson lab showed that the effect of TG2 on transcription was highly cell and context dependent [START_REF] Gundemir | Transglutaminase 2 facilitates or ameliorates HIF signaling and ischemic cell death depending on its conformation and localization[END_REF][START_REF] Gundemir | The complex role of transglutaminase 2 in glioblastoma proliferation[END_REF]. TG2 modifies several transcription factors [START_REF] Gundemir | Transglutaminase 2: a molecular Swiss army knife[END_REF], but none of these known targets were recovered in our proteomic approach for the identification of TG2 targets upon infection. Furthermore, it was shown very recently that TG2 enhanced chromatin binding of the general transcription factor complex TFIID through the serotonylation of histone 3 trimethylated lysine 4 [START_REF] Farrelly | Histone serotonylation is a permissive modification that enhances TFIID binding to H3K4me3[END_REF]. This, or another transglutaminase-mediated histone modification, might be implicated in the transcriptional control of glucose transporter genes in the infectious context.

Our proteomic approach identified 62 candidate TG2 substrates in C. trachomatis infection. Six of those were already known substrates of TG2, validating our analysis. We further demonstrated that GFPT was a substrate of TG2 and identified Q328 as a prominent transamidation site. The absence of shift in the migration profile of GFPT suggests that the amine donor is either a small protein, or a small amine, or that deamidation occurs, making identification by mass spectrometry very challenging. Experiments on GFPT immunoprecipitated from ionomycin-treated samples failed to detect histaminylation or serotonylation. Deamidation was occasionally seen on several gutamine residues, including Q328, raising questions as to the relevance of this observation that will be addressed in future studies.

We showed that GFPT activity was enhanced upon transamidation by TG2. This resulted in an increase in O-GlcNAcylation, since this post-translational modification of proteins is directly dependent on the concentration of UDP-GlcNAc [START_REF] Kreppel | Regulation of a Cytosolic and Nuclear O-GlcNAc Transferase: ROLE OF THE TETRATRICOPEPTIDE REPEATS[END_REF]. GFPT acts as a tetramer and is negatively regulated by several post-translational modifications [START_REF] Chang | Phosphorylation of human glutamine:fructose-6-phosphate amidotransferase by cAMP-dependent protein kinase at serine 205 blocks the enzyme activity[END_REF][START_REF] Zibrova | GFAT1 phosphorylation by AMPK promotes VEGF-induced angiogenesis[END_REF] and by UDP-GlcNAc [START_REF] Assrir | Mapping the UDP-N-acetylglucosamine regulatory site of human glucosamine-6P synthase by saturation-transfer difference NMR and site-directed mutagenesis[END_REF].

Transamidation on Gln328 could interfere with these down-regulation mechanisms and thereby unleash the HBP.

Interestingly the positive correlation between TG2 activation and O-GlcNAcylation does not hold true in infected cells and our data indicate that this is due to hexosamines being consumed by the infection. Our observation that silencing GFPT expression increases bacterial diameter strongly supports the hypothesis that UDP-GlcNAc, or an intermediate along the HBP, is hijacked into the inclusion to fuel bacterial division, possibly by feeding peptidoglycan synthesis. Interestingly, a proximity-based labeling assay recently described an enrichment of TG2 and GFPT1 around the inclusion, suggesting that TG2 activation and GFPT modification might be most efficient in proximity of the bacteria-containing compartment [START_REF] Olson | Proximity Labeling To Map Host-Pathogen Interactions at the Membrane of a Bacterium-Containing Vacuole in Chlamydia trachomatis-Infected Human Cells[END_REF]. One recent publication showed that UDP-GlcNAc is also used during infection to post-translationally modify the intermediate filament vimentin and this also could contribute to significant UDP-GlcNAc consumption in C. trachomatis infection [START_REF] Tarbet | Sitespecific glycosylation regulates the form and function of the intermediate filament cytoskeleton[END_REF].

The role played by TG2 in viral or microbial infections is raising increasing interest. Like in the case of C. trachomatis infection, genetic or pharmacological inhibition of TG2 led to a marked reduction in Mycobacterium tuberculosis replicative capacity. However, the mechanism involved might be different, since the data suggest that reduced replication in macrophages lacking TG2 is due to the impairment of autophagy homeostasis [START_REF] Palucci | Enhanced upper genital tract pathologies by blocking Tim-3 and PD-L1 signaling pathways in mice intravaginally infected with Chlamydia muridarum[END_REF]. M. tuberculosis relies largely on lipids and fatty acids as energy source, and glucose availability might not be limiting in this case [START_REF] Russell | Mycobacterium tuberculosis Wears What It Eats[END_REF]. Still, upregulation of glucose transporter was also described in a mouse model of M. tuberculosis infection [START_REF] Shi | Infection with Mycobacterium tuberculosis induces the Warburg effect in mouse lungs[END_REF], thus the involvement of TG2 in metabolism regulation in this context remains to be investigated.

There are multiple examples of host manipulation by pathogens that shed light on fundamental cellular processes. Here our work revealed an unsuspected regulation of the HBP by TG2. This discovery has important implications. Like other post-translational modifications, protein O-GlcNAcylation dramatically alters the fate and function of target proteins. In particular transcription factors are modified by O-GlcNAcylation, which implicates this modification in transcriptional regulation [START_REF] Jackson | O-glycosylation of eukaryotic transcription factors: implications for mechanisms of transcriptional regulation[END_REF]. Physiologically, disruption of O-GlcNAcylation homeostasis has been implicated in the pathogenesis of many human diseases, which include cancer, diabetes and neurodegeneration [START_REF] Jóźwiak | O-GlcNAcylation and Metabolic Reprograming in Cancer[END_REF][START_REF] Yang | Protein O-GlcNAcylation: emerging mechanisms and functions[END_REF]. The link between TG2 and O-GlcNAcylation means that TG2 activation is expected to have broad transcriptional consequences. In particular TG2 is activated in many cancers and future investigation is required to determine the contribution of the TG2/GFPT activation axis to tumorigenesis.

MATERIAL AND METHODS

Cells and bacteria

HeLa cells (ATCC) and mouse embryonic fibroblasts (MEFs) isolated from KO (TG2 -/-) or WT (TG2 +/+ ) C57B6 mice, were grown in Dulbecco's modified Eagle's medium with Glutamax (DMEM, Invitrogen), supplemented with 10 % (v/v) heat-inactivated fetal bovine serum (FBS) [START_REF] D'eletto | Transglutaminase 2 is involved in autophagosome maturation[END_REF]. TG2 -/-cells reconstituted with stable expression of wild type or C277S TG2 are described in [START_REF] Rossin | TG2 transamidating activity acts as a reostat controlling the interplay between apoptosis and autophagy[END_REF]. Primary cells used for experiments displayed in Fig. 2 were isolated from human fallopian tubes and maintained in culture as previously described [START_REF] Roth | Hypoxia abrogates antichlamydial properties of IFN-gamma in human fallopian tube cells in vitro and ex vivo[END_REF]. Other primary cells were isolated from endocervix biopsies of female patients and were cultivated in keratinocyte-SFM medium (Thermo Fisher Scientific) containing 50 mg.L -1 of bovine pituitary extract (Thermo Fisher Scientific) and 5 µg.L - 1 of epidermal growth factor (EGF) human recombinant (Thermo Fisher Scientific) (Wu et al, in preparation). All cell cultures were maintained at 37 °C, in 5 % CO2 atmosphere and were routinely tested for mycoplasma using the standard PCR method. C. trachomatis serovar LGV L2 strain 434 and serovar D/UW-3/CX (ATCC), GFP-expressing L2 (L2 IncD GFP) or C. muridarum MoPn (for in vivo experiments) were propagated on HeLa cells, purified on density gradients as previously described and stored at -80 °C [START_REF] Scidmore | Cultivation and laboratory maintenance of Chlamydia trachomatis[END_REF][START_REF] Vromman | Quantitative Monitoring of the Chlamydia trachomatis Developmental Cycle Using GFP-Expressing Bacteria, Microscopy and Flow Cytometry[END_REF]. siRNA treatment For siRNA experiments, 50 000 cells were plated in a 24-well plate and immediately mixed with Lipofectamine RNAiMAX (Invitrogen) following the manufacturer's recommendation, using 10 nM of siRNA (Table S2). For RB size assessment, 300 000 cells were plated in a 6-well plate. For electron microscopy experiments, 1.5 million cells were plated in a 25-cm 2 flask. For GFPT1 activity assay, 1 million cells were plated in a 10-cm diameter dish. The culture medium was changed the next day and experiments (infection or treatment with ionomycin) were performed two days post treatment with the siRNA.

GFPT1 purification

Recombinant human GFPT1 (rhGFPT1) with an internal 6-His tag was produced from a plasmid pET28-rhGFPT1-6His in E. coli Rosetta (DE3) GlmS::Tc kindly given by Dr. Badet-Denisot (Centre de Recherche de Gif, France) [START_REF] Li | Identification of a novel serine phosphorylation site in human glutamine:fructose-6phosphate amidotransferase isoform 1[END_REF].The mutated form rhGFPT1 Q58N, rhGFPT1 Q328N and rhGFPT1 Q555N were obtained using QuikChange technology (Agilent) on the plasmid pET28-rhGFPT1-6His, with primers listed in Table S2, following the manufacturer instructions, and transformed in E. coli Rosetta (DE3) GlmS::Tc. One litre of culture in 2YT medium supplemented with tetracycline (8 µg.mL -1 , Sigma), kanamycin (50 µg.mL -1 , Sigma), chloramphenicol (15 µg.mL -1 , Sigma) and glucosamine (GlcNH2, 2 mg.mL -1 , Sigma) was incubated with agitation at 37 °C until OD600 reached 0.5. Protein expression was induced by addition of 0.5 mM of isopropyl b-D-thiogalactopyranoside (Sigma) at 25 °C for 24 h before being harvested. The cell pellets were resuspended in lysis buffer (16.27 mM Na2HPO4 and 3.73 mM NaH2PO4 pH 7.5, 200 mM NaCl, 20 mM imidazole, 2 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP), 10 % glycerol, 1 mM fructose-6-P, Roche EDTA-free protease inhibitor cocktail) and disrupted by sonication. The recombinant protein was purified by incubation with Qiagen Ni-NTA agarose beads (Qiagen) for 1 h followed by three washing steps with the lysis buffer before elution with lysis buffer containing increasing concentrations of imidazole: 30 mM, 100 mM, 175 mM and finally 500 mM of imizadole. The fractions containing the protein were dialyzed against lysis buffer with 20 mM HEPES replacing the phosphate buffer before storage at -80 °C TG2 activity assay In vivo: Cells plated the day before (100 000 cells/well) were infected with C. trachomatis serovar LGV L2 at a MOI of 1, and 0.5 µM biotin pentylamine (BP) (Thermo Fisher Scientific) was added after 24 h. In some experiments, cells were pre-incubated for 2 h with 40 µM CP4d or DMSO as control before addition of bacteria. CP4d inhibits the transamidase activity of TG2 (Ki = 174 nM) and favours its closed conformation [START_REF] Caron | Using FLIM-FRET to Measure Conformational Changes of Transglutaminase Type 2 in Live Cells[END_REF]. For experiments with ionomycin (Sigma), cells pre-treated with siRNA for 48 h or infected as described above for 24 h were treated with Ionomycin and 0.5 µM BP for 6 h. At the end of the indicated incubation time, cells were lysed using 8 M urea buffer (30 mM Tris, 150 mM NaCl, 8 M urea, 1 % SDS, pH=8.0) and samples subjected to Western Blot. In vitro: 1 mU of transglutaminase from guinea pig liver (Sigma) was incubated at 37 °C for 15 min or 3 h with 5 µg of rhGFPT1, rhGFPT1 Q58N or rhGFPT1 Q328N and 1 mM of BP in 20 mM HEPES buffer pH 7.5, 200 mM NaCl, 2 mM TCEP, 10 % glycerol, 1 mM fructose-6-phosphate, 10 mM CaCl2. The reaction was stopped by adding ethylene-bis(oxyethylenenitrilo)tetraacetic acid (EGTA) at a final concentration of 20 mM and boiling the samples 5 min at 95 °C.

Streptavidin-precipitation of TG2 targets

Twenty million HeLa cells were seeded in a 163-cm 2 flask. One day later, the cells were infected or not with C. trachomatis serovar LGV L2 at a MOI = 1. Two hours post infection (hpi) the culture medium was changed and 40 µM CP4d or DMSO was added. BP was added to the culture medium at 0.5 mM 24 h post treatment (infection or not) and cells were lysed 46 hpi directly in the well using 8 M urea buffer. DNA was disrupted by sonication and a dialysis was performed against 2 M urea buffer (Tris 30 mM, NaCl 150 mM, 2 M urea, 1 % SDS, pH=8.0). Samples were incubated overnight at 4 °C with streptavidin-agarose beads (Sigma). After 3 washes with 2 M urea buffer and 3 washes with phosphate-buffered saline (PBS), proteins precipitated on the beads were eluted using Laemmli's buffer containing dithiothreitol (Sigma) boiled 5 min at 95 °C. Samples were then analyzed by Western blot or by mass spectrometry.

SDS-PAGE and Western blot

Proteins were subjected to sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF) membrane, which was blocked with 1 x PBS containing 5 % bovine serum albumin (BSA, for biotin revelation only) or milk and 0.01 % Tween 20. The membranes were then immunoblotted with primary antibodies diluted in 1 x PBS containing 5 % milk and 0.01 % Tween 20. For analyzing the TG2 activity assay, biotin incorporation was revealed using streptavidin conjugated to HRP (#RPN1231, Sigma). Primary antibodies used in the western blots were the mouse clone 7D2 against TG2 (#ABIN1109303, Covalab), rabbit anti-serum against GFPT (kindly given by Dr. C. Weigert, University of Tübingen, Germany), mouse clone RL2 against O-GlcNAcylation (#MA1-072 Thermo Fisher Scientific) and mouse clone AC-74 against β-actin (#A5441 Sigma). Secondary antibodies were anti-mouse-HRP (#NA931, GE Healthcare) or anti-rabbit-HRP (#G-21234, Invitrogen) conjugated antibodies. Blots were developed using the Western Lightning Chemiluminescence Reagent (GE Healthcare).

Ovarian cancer cohort and statistical analysis

Expression data for TGM2, GLUT-1 and GLUT-3 in 265 high grade serous ovarian cancers from Edinburgh were available from previous transcriptomic studies of ovarian cancer [START_REF] Hollis | High EMSY expression defines a BRCA-like subgroup of high grade serous ovarian carcinoma with prolonged survival and hypersensitivity to platinum[END_REF]. Per-sample expression was calculated as the mean expression of probe-sets informative for each gene. Expression comparisons were performed using Spearman's rank correlation test. Spearman's rank correlation was chosen over Pearson's correlation following demonstration of non-normal expression distribution for TG2, GLUT-1 and GLUT-3 (Shapiro-wilk normality test, P<0.05 for all).

Mass Spectrometry

In solution protein digestion: Samples were prepared in triplicate. For streptavidinprecipitation of TG2 targets samples, tryptic digestion was performed by enhanced filteraided sample preparation. All steps were done in-filter. Briefly, samples were reduced (50 mM TCEP, 30 minutes at room temperature) and alkylated (50 mM iodoacetamide, 1 h at room temperature in the dark). Then, proteins were incubated overnight at 37 °C with 500bng trypsin (Trypsin Gold Mass Spectrometry Grade, Promega). Peptides were recovered by centrifugation. After TG2/GFPT1 reactions in vitro samples were diluted in a large excess of 8 M urea / 100 mM Tris HCl pH 8.5 buffer and then, as previously described, reduced (5 mM TCEP, 30 minutes at room temperature) and alkylated (10 mM iodoacetamide, 30 minutes at room temperature in the dark). Proteins were first digested for 5 h at 37 °C with 500 ng rLys-C Mass Spec Grade (Promega, Madison, WI, USA) before being diluted 4-fold with 100 mM Tris HCl pH 8.5 to reach a concentration below 2 M urea. Samples were then incubated overnight at 37 °C with 500 ng Sequencing Grade Modified Trypsin (Promega, Madison, WI, USA). To achieve the complete digestion of the peptides, a second incubation with the same amount of trypsin (5 h at 37 °C) was performed. Digestion was stopped by adding formic acid to 5 % final concentration and peptides were desalted and concentrated on Sep-Pak C18SPE cartridge (Waters, Milford, MA, USA) according to manufacturer instructions. Mass spectrometry analysis: Tryptic peptides were analyzed on a Q Exactive Plus instrument (Thermo Fisher Scientific, Bremen) coupled with an EASY nLC 1 000 or 1 200 chromatography system (Thermo Fisher Scientific, Bremen). Sample was loaded on an in-house packed 50 cm nano-HPLC column (75 μm inner diameter) with C18 resin (1.9 μm particles, 100 Å pore size, Reprosil-Pur Basic C18-HD resin, Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) and equilibrated in 98 % solvent A (H2O, 0.1 % FA) and 2 % solvent B (ACN, 0.1 % FA). 120 or 180 min gradient of solvent B at 250 nL.min -1 flow rates were applied to separated peptides. The instrument method for the Q Exactive Plus was set up in DDA mode (Data Dependent Acquisition). After a survey scan in the Orbitrap (resolution 70 000), the 10 most intense precursor ions were selected for HCD fragmentation with a normalized collision energy set up to 28. Charge state screening was enabled, and precursors with unknown charge state or a charge state of 1 and > 7 were excluded. Dynamic exclusion was enabled for 35 or 45 seconds respectively. Data processing: Data were searched using Andromeda with MaxQuant software 1.4.1.2 or 1.5.3.8 version against respectively a Chlamydia trachomatis Uniprot reference proteome database concatenated with Homo sapiens Uniprot reference proteome database. Data were also searched against usual known mass spectrometry contaminants and reversed sequences of all entries or an E. coli K12 Uniprot reference proteome database concatenated with rhGFPT1 and gpTGase proteins [START_REF] Tyanova | The MaxQuant computational platform for mass spectrometry-based shotgun proteomics[END_REF]. Andromeda searches were performed choosing trypsin as specific enzyme with a maximum number of two missed cleavages. Possible modifications included carbamidomethylation (Cys, fixed), oxidation (Met, variable), N-ter acetylation (variable) and BP (Gln, variable). The mass tolerance in MS was set to 20 ppm for the first search then 6 ppm for the main search and 10 ppm for the MS/MS. Maximum peptide charge was set to seven and five amino acids were required as minimum peptide length. The "match between runs" feature was applied between replicates with a maximal retention time window of 2 or 0.7 min. One unique peptide to the protein group was required for the protein identification. A false discovery rate (FDR) cutoff of 1 % was applied at the peptide and protein levels. Data analysis: To validate the identification of the BP on the glutamine of modified peptides, spectra were manually inspected (or fragment assignments). For the global quantification, output files from MaxQuant were used for protein quantification. Quantification was performed using the XIC-based LFQ algorithm with the Fast LFQ mode as described previously [START_REF] Cox | Accurate proteome-wide labelfree quantification by delayed normalization and maximal peptide ratio extraction, termed MaxLFQ[END_REF]. Unique and razor peptides, included modified peptides, with at least 2 ratio count were accepted for quantification. For pairwise comparisons, proteins identified in the reverse and contaminant databases and proteins only identified by site were first discarded from the list. Then, proteins exhibiting fewer than 2 LFQ values in at least one condition were discarded from the list to avoid misidentified proteins. After log2 transformation of the leftover proteins, LFQ values were normalized by median centering within conditions (normalizeD function of the R package DAPAR [START_REF] Wieczorek | DAPAR & ProStaR: software to perform statistical analyses in quantitative discovery proteomics[END_REF]). Remaining proteins without any LFQ value in one of both conditions have been considered as proteins quantitatively present in a condition and absent in another. They have therefore been set aside and considered as differentially abundant proteins. Next, missing values were imputed using the imp.norm function of the R package norm. Proteins with a foldchange under 2 have been considered not significantly differentially abundant. Statistical testing of the remaining proteins (having a foldchange over 2) was conducted using a limma t-test thanks to the R package limma [START_REF] Ritchie | limma powers differential expression analyses for RNA-sequencing and microarray studies[END_REF]. An adaptive Benjamini-Hochberg procedure was applied on the resulting p-values thanks to the function adjust.p of R package cp4p using the robust method of Pounds and Cheng to estimate the proportion of true null hypotheses among the set of statistical tests [START_REF] Pounds | Robust estimation of the false discovery rate[END_REF]. The proteins associated to an adjusted p-value inferior to an FDR level of 1% have been considered as significantly differentially abundant proteins.

Adhesion assay

Adhesion assays were performed as described previously [START_REF] Vromman | Quantitative Monitoring of the Chlamydia trachomatis Developmental Cycle Using GFP-Expressing Bacteria, Microscopy and Flow Cytometry[END_REF]. In brief, MEFs cells plated in 24-well plate the day before (100 000 cells/well) were pre-cooled 30 min at 4 °C and then were incubated for 4 h at 4 °C with L2 IncD GFP bacteria at a MOI = 10, sonicated prior to infection in order to disrupt bacterial aggregates. Then cells were washed gently with PBS and detached using 0.5 mM EDTA in PBS. Samples were fixed 30 min in 2 % PFA, washed with PBS and analyzed using flow cytometry.

Bacterial entry assessment

Entry experiments were performed as described previously [START_REF] Vromman | Quantitative Monitoring of the Chlamydia trachomatis Developmental Cycle Using GFP-Expressing Bacteria, Microscopy and Flow Cytometry[END_REF]. In brief, MEFs cells plated on coverslips in 24-well plate the day before (100 000 cells/well) were pre-cooled 30 min at 4 °C and then incubated for 45 min at 4 °C with L2 IncD GFP bacteria at a MOI = 10, sonicated prior to infection in order to disrupt bacterial aggregates. Then pre-warmed medium was added and coverslips were incubated at 37 °C before being fixed at different time points in 4 % PFA for 20 min. Extracellular bacteria were stained with a mouse anti-MOMP-LPS (Argene # 11-114) antibody followed with Cy5-conjugated anti-mouse (#PA45002, Amersham Biosciences) secondary antibody. The dilutions were made in PBS containing 3 % of BSA. DNA was stained using 0.5 µg.mL -1 of Hoechst 33342 (Thermo Fisher Scientific) added in the secondary antibody solution. Images were acquired on an Axio observer Z1 microscope equipped with an ApoTomemodule (Zeiss, Germany) and a 63× Apochromat lens. Images were taken with an ORCAflash4.OLT camera (Hamamatsu, Japan) using the software Zen.

Progeny assay

For glucose privation tests on MEFs cells, 140 000 cells per well were seeded in a glucose-free DMEM (Invitrogen) supplemented with 10 % FBS. The following day, the medium was replaced with glucose-free DMEM supplemented with 10 % FBS and the indicated concentration of glucose (Sigma). The next day cells were infected with L2 IncD GFP bacteria at a MOI = 0.2. For progeny assays on HeLa cells, primary cells or MEFs cells, 100 000 cells were seeded in a 24-well plate. The next day cells were pre-treated with CP4d (or DMSO) or cysteamine (Sigma #30078) (or water) for 2 h and infected with L2 IncD GFP bacteria at a MOI = 0.15. Cells treated with siRNA for 48 h were directly infected with L2 IncD GFP bacteria or C. muridarum at a MOI = 0.2. Thirty hpi, cells were detached and fixed in 2 % PFA in PBS prior to flow cytometry analysis in order to evaluate the first round of infection. In duplicate wells, cells were detached, lysed using glass beads and the supernatant was used to infect new untreated cells (or WT cells in the case of MEFs) plated the day before (100 000 cells/well in a 24-well plate), in serial dilution. The next day, 3 wells per condition with an infection lower than 30 % (checked by microscopy) were detached and fixed as described above, before analysis by flow cytometry and determination of the bacterial titer. In the case of C. muridarum infections, bacteria were stained after fixation with a rabbit anti-CmGroEL antibody followed with AlexaFluor488-conjugated anti-rabbit secondary antibody (A11034, Invitrogen). Dilutions were made in PBS containing 0.1 % of BSA and 0.05 % of saponin (Sigma). The anti-CmGroEL antibody was obtained by AgroBio (La Ferté Saint-Aubain) by immunizing one New Zeland white rabbit with C. muridarum GroEL prepared as described in [START_REF] Illingworth | Stimulating the Substrate Folding Activity of a Single Ring GroEL Variant by Modulating the Cochaperonin GroES[END_REF]. Acquisition was performed using a CytoFLEX S (Beckman Coulter) and 50 000 events per sample were acquired and then analyzed using FlowJo (version 10.0.7).

Infection in mice

Female TG2 -/-and TG2 +/+ KO mice were kindly provided by Dr. C. Papista (INSERM UMR970, Centre de Recherche Cardiovasculaire, Paris) and maintained in the animal facility of the Institut Pasteur, Paris. All animals are treated with 2.5 mg of medroxyprogesterone (Depoprovera-SCÒ, Pfizer) 7 days prior to infection to synchronize the menstrual cycle. Mice were intravaginally inoculated with C. muridarum, 10 5 IFU per animal. Twenty-five days after infection, animals were sacrificed and the organs excised including cervix, uterine horn and oviduct. The bacterial burden in the excised organs, in the right part of the upper genital tract was measured by qPCR after DNA extraction using the DNeasy Blood and Tissue Kit (Qiagen). The left part of the upper genital tract was excised and rinsed into PBS for the morphological observation. Hydrosalpinx score was determined as described [START_REF] Palucci | Enhanced upper genital tract pathologies by blocking Tim-3 and PD-L1 signaling pathways in mice intravaginally infected with Chlamydia muridarum[END_REF]. Procedures involving mice were previously approved by local Animal Ethics Committees and registered with the French authorities (APAFIS#8635-2017012314265571).

RT-qPCR and qPCR

One hundred twenty-five thousand cells in a 24-well plate were infected or not with C. trachomatis serovar LGV L2 at a MOI = 1. Cells were treated with anti-IL-6 receptor antibody (Roactemra®, Roche) CP4d (40 µM) or DMSO 2 hpi, or doxycycline (62.5 ng.mL -1 , Sigma) 24 hpi. Cells pre-treated with siRNA for 48 h were directly infected with L2 IncD GFP bacteria at a MOI = 1. For testing the response of HeLa cells to IL-6 treatment, 125 000 cells in 24-well plate were treated with recombinant human IL-6 (R&D Biosystems) for 18hrs. Total RNAs were isolated 24 or 48 hpi with the RNeasy Mini Kit (Qiagen) with DNase treatment (DNase I, Roche). RNA concentrations were determined with a spectrophotometer NanoDrop (Thermo Fisher Scientific) and normalized to equal contents. Reverse transcription (RT) was performed using the M-MLV Reverse Transcriptase (Promega) and quantitative PCR (qPCR) undertaken on the complementary DNA (cDNA) with LightCycler 480 system using LightCycler 480 SYBR Green Master I (Roche). For the experiments displayed in Fig. S2, a duplicate well was used to extract genomic DNA (gDNA) of each time point using the DNeasy Blood and Tissue Kit (Qiagen). Data were analyzed using the DDCt method with the actin gene as a control gene [START_REF] Schmittgen | Analyzing real-time PCR data by the comparative CT method[END_REF]. Each RT-qPCR experiment was performed in duplicate and repeated at least three times.

GFPT activity assay

HeLa cells treated with ionomycin (4 µM) or DMSO for 6 h were detached in lysis buffer containing 0.05 M Tris, 0.15 M NaCl, 5 % glycerol, 0.5% NP-4, protease inhibitor cocktail EDTAfree (Roche), pH 7.5. After lysis at 4 °C, NP-40 concentration was reduced by addition of an excess of reaction buffer (0.05 M Tris, 0.15 M NaCl, 5 % glycerol, protease inhibitor cocktail EDTA-free, pH 7.5) and cell debris were eliminated by centrifugation. Cell lysates were incubated 45 min at 37 °C with 0.6 mg.mL -1 fructose-6-phosphate (Sigma) and 0.6 mg.mL -1 glutamine (Sigma). The reaction was stopped by incubating the samples for 5 min at 100 °C and precipitates were removed by centrifugation. Analysis of the samples was performed by high performance anion exchange chromatography (HPAEC, Dionex, model ISC3000) on a CarboPAC-PA1 column (3.2 × 250 mm, Dionex) using 100 mM NaOH, and 720 mM NaOAc in 100 mM NaOH, as eluent A and B, respectively. The column was pre-equilibrated for 20 min in 98 % A + 2 % B. Following sample injection, a gradient run (flow rate 1 mL.min -1 ) was performed as follows: 0-2 min, isocratic step (98 % A + 2 % B), 2-15 min 98 % A + 2 % B -80 % A + 20 % B, 15-20 min 80 % A + 20 % B -57 % A + 43 % B, 20-22 min 57 % A + 43 % B -100 % B, and 22-25 min 100 % B. Samples were detected on a pulsed electrochemical detector.

Bacterial size measurement

HeLa cells in a 6-well plate, treated with siRNA as described above, were infected every two hours with L2 IncD GFP bacteria at a MOI = 0.3. The next day, all wells were detached and fixed simultaneously in 2 % PFA and 2.5 % glutaraldehyde (Sigma) in PBS. After 25 min, cells were broken using glass beads, vortexed and syringed (3 times, using 1 mL 26GA x 3/8-inch syringes). Samples were then analyzed by flow cytometry. An exponential culture of E. coli, purified C. trachomatis elementary bodies (i.e. the infectious non-replicative form of the bacterium) and non-infected cells prepared the same way were used to gate successively for particles of equal size or smaller than E. coli (thereby excluding non-broken cells), larger than elementary bodies (thereby excluding non-dividing bacteria), and with positive green fluorescence (thereby excluding cell debris). The forward-scattered light (FSC-A) was used to compare bacterial diameters. Each data point represents the mean of at least 400 gated events.

Electron microscopy
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LEGENDS TO THE FIGURES Figure 1. TG2 transamidase activity increases during C. trachomatis infection along with its expression.

A -Whole cell lysates were prepared with HeLa cells infected or not for 48 h with C. trachomatis L2 (multiplicity of infection MOI=1) in the presence or not of BP. In the indicated samples CP4d was added 2 h before infection. Cell lysates were run on SDS-PAGE, proteins were transferred to a membrane and BP incorporation was revealed with HRP-conjugated streptavidin. BP incorporation is enhanced in infected samples, and is inhibited by CP4d. The two main bands present in all samples correspond to naturally biotinylated host proteins [START_REF] Haneji | Transblot identification of biotin-containing proteins in rat liver[END_REF]. After blotting the membrane was stained with Coomassie blue to control for equal loading. B -Same as in (A), except that where indicated 250 µM doxycycline (doxy, left) or 7 µM cycloheximide (CHX, right) were added 24 h or 2 hpi, respectively. C -Whole cell lysates were prepared with TG2 +/+ and TG2 -/-MEFs infected or not for 48 h with C. trachomatis L2 in the presence or not of BP, and analyzed as in (A). D -Western blot with anti-TG2 antibodies on total cell lysates infected or not with C. trachomatis L2 for the indicated time. The histogram displays the mean ± SD of TG2 expression relative to actin from four independent experiments, with the results of the Student's ratiopaired t-test. NI: not infected. E -Cells were infected with C. trachomatis L2 (MOI=1) for 24 or 46 h. Where indicated, 40 µM CP4d was added 2 hpi. tgm2 transcripts were measured by real-time RT-PCR and normalized to actin transcripts following the DDCt method. The data are presented as relative mRNA levels compared to uninfected cells and shown as the mean ± SD. Each experiment was performed in duplicate and repeated at least four times. P-values of Student's ratio-paired ttest <0.05 are shown. F -Cells were treated for 18 h with the indicated concentration of human recombinant IL-6 before measuring TG2 transcription relative to actin like in (E). The data are presented as relative mRNA levels compared to untreated cells and shown as the mean ± SD. Each experiment was performed in duplicate and repeated at least three times. P-values of Student's ratio-paired t-test <0.05 are shown. F -Cells were left uninfected or infected with C. trachomatis L2 in the presence of the indicated concentration of anti-IL-6 receptor antibodies. Forty-eight h later TG2 transcription relative to actin was measured like in (E). The data are presented as relative mRNA levels compared to uninfected/untreated cells and shown as the mean ± SD. Each experiment was performed in duplicate and repeated at least three times. P-values of Student's ratio-paired t-test <0.05 are shown. Figure 2. TG2 activity is needed for optimal C. trachomatis developmental and enhances hydrosalpinx upon C. muridarum infection in mice. A -HeLa cells were pre-treated with the indicated concentrations of CP4d (or DMSO alone) for 2 h before being infected with L2 incD GFP at MOI=0.15. Thirty hours later the cells were disrupted and bacterial titers (IFU=inclusion forming unit) were determined by re-infecting fresh HeLa cells as described in the methods. The mean ± SD of three independent experiments are shown. P-values of Student's paired t-test are indicated when <0.05. B -HeLa cells were transfected with control siRNA or two siRNAs against TG2. Two days later, the efficiency of the silencing was assessed by western blot using anti-TG2 antibodies and anti-actin antibodies as loading control (bottom). Duplicate wells were infected with L2 incD GFP and progeny was analyzed as in (A) (top). The mean ± SD of four independent experiments are shown. P-values of Student's paired t-test are indicated when <0.05. C -Same as in (A) except that C. trachomatis serovar L2 (left) or D (right) were grown in primary cells isolated from fallopian tubes. For serovar D, IFU were determined 48 hpi. The mean ± SD of four to five independent experiments are shown. P-values of Student's paired ttest are indicated when <0.05. D -HeLa cells were pre-treated with the indicated concentrations of CP4d (or DMSO alone) for 2 h before being infected with L2 incD GFP at MOI=0.15. Thirty hours later the cells were fixed and analyzed by flow cytometry. The percentage of infected cells (left) and the mean fluorescence of the infected population (right) ± SD are shown for three independent experiments. P-values of Student's paired t-test are indicated when <0.05. A representative field for each condition is shown, scale bar = 10 µm. E -Primary epithelial cells isolated from fallopian tubes were pre-treated with the indicated concentrations of CP4d (or DMSO alone) for 2 h before being infected with C. trachomatis serovar L2 (left) or D (right). Twenty-four hours later the cells were fixed, bacteria were stained using FITC-labeled anti-Chlamydia-LPS antibodies, and the mean size of the inclusions manually determined using ImageJ, on twenty inclusions per experiment. The mean ± SD of three independent experiments are shown. P-values of Student's paired t-test are indicated when <0.05. F -Mice were infected intravaginally with 10 5 IFU of C. muridarum. Twenty-five days later the mice were sacrificed and the upper genital tract, from the uterine horn to the oviduct, was collected. The right part was used for bacterial burden assessment (top left). The left part was rinsed with PBS and observed with a binocular magnifier (right) to determine the hydrosalpinx score (bottom left). Each dot represents one mouse, the mean ± SD is shown. P-values of Mann-Whitney test are indicated when <0.05. Figure 3. TG2 controls glucose import. A -MEFs were grown for 24 h culture medium complemented with the indicated concentration of glucose before being infected with L2 IncD GFP bacteria (MOI = 0.2). Cells were disrupted 30 h later and the bacterial titer determined by re-infecting fresh wild type cells. The mean ± SD of three independent experiments are shown. B -Cells were infected with C. trachomatis L2 (MOI=1) for 24 or 48 h. Where indicated 40 µM CP4d was added 2 hpi. GLUT-1 and GLUT-3 transcripts were measured by real-time RT-PCR and normalized to actin transcripts following the DDCt method. The data are presented as relative mRNA levels compared to uninfected cells and shown as the mean ± SD. Each experiment was performed in duplicate and repeated four times. P-values of Student's ratiopaired t-test are indicated when <0.05. C -Relationship between TGM2 and GLUT-1 (top) and GLUT-3 (bottom) expression across 265 HGSOCs. Expression comparisons were performed using Spearman's rank correlation test. D -HeLa cells were infected with C. trachomatis L2 (MOI=1) for 24 or 46 h. HIF-1a transcripts were measured by real-time RT-PCR and normalized to actin transcripts. The data are presented as relative mRNA levels compared to uninfected cells and shown as the mean ± SD. Each experiment was performed in duplicate and repeated three times. P-values of Student's ratio-paired t-test are > 0.05. E -HeLa cells were transfected with control siRNA or two siRNAs against HIF-1a. Two days later, cells were infected with C. trachomatis L2 (MOI=1) for 48 h. The indicated transcripts were measured by real-time RT-PCR and normalized to actin transcripts. The data are presented as relative mRNA levels compared to uninfected cells and shown as the mean ± SD. Each experiment was performed in duplicate and repeated three times. P-values of Student's ratio-paired t-test are indicated when <0.05. F -TG2 -/-MEFs stably transformed or not with the indicated TG2 construct were infected for two days with C. trachomatis L2 (MOI=1). Mouse GLUT-1 transcripts were measured by realtime RT-PCR and normalized to mouse actin transcripts. The data are presented as relative mRNA levels compared to uninfected cells and shown as the mean ± SD. Each experiment was performed in duplicate and repeated three times. P-values of Student's ratio-paired t-test are indicated when <0.05. Figure 4. GFPT is a substrate of TG2 transamidase activity. A -HeLa cells were infected with C. trachomatis (MOI = 1) and 40 µM CP4d was added or not 2 hpi. After 24 h 0.5 mM BP was added and cells were lysed at 48 hpi. Lysates were precipitated with streptavidin-coated beads. After separation with SDS-PAGE, proteins were transferred to a membrane and blotted with anti-GFPT antibody followed with HRPconjugated secondary antibody. B -In vitro assay testing the ability of purified TG2 to crosslink purified rhGFPT1 with BP. Samples were incubated for 3 h at 37°C before separation by SDS-PAGE. Proteins were transferred to a membrane and BP was revealed using HRP-conjugated streptavidin. rhGFPT1 is 77.5 kDa. C -GFPT1 sequence: glutamine residues identified by mass spectrometry as cross-linked to BP are in bold letter . D -In vitro assay was performed as described in B using wild type rhGFPT1 (WT), rhGFPT1 Q58N, rhGFPT1 Q328N or rhGFPT1 Q555N as substrates. The reaction was performed at 37 °C for 30 min. After probing with HRP-Streptavidin the membrane was washed and probed with anti-GFPT antibodies followed with HRP-conjugated secondary antibodies. The ratio of modified protein (streptavidin signal) to the total GFPT is shown, normalized to its value with WT rhGFPT1. The mean ± SD of five independent experiments is shown, the p-value of the Student's ratio-paired t-test is indicated when <0.05. E -Lysates of cells treated or not for 6 h with ionomycin were incubated at 37 °C for 45 min with fructose-6-P and glutamine. The production of glucosamine-6-P was measured using HPAEC-PAD. Results of three independent experiments are shown, with mean ± SD, and pvalue of the Student's paired t-test is indicated (*P < 0.05). Figure 5. TG2 activation results in increased UDP-GlcNAc production. A -Schematic view of the hexosamine biosynthesis pathway. Production of glucosamine-6-P by GFPT is the first and rate-limiting step of the pathway that produces UDP-GlcNAc. HK: hexokinase; G6PI: glucose-6-P isomerase; GFPT: glutamine:fructose-6-P amidotransferase; GNA: glucosamine-6-P N-acetyltransferase; PGM3: phosphoglucomutase 3; UAP: UDP-Nacetylglucosamine pyrophosphorylase; OGT: O-GlcNAc transferase OGA: O-GlcNAcase; GlcNAc: N-acetylglucosamine. B -Endocervical epithelial cells were pre-treated or not with 40 µM CP4d for 2 h before addition of the indicated concentration of ionomycin (or an equivalent volume of DMSO) and 0.5 µM BP. Six hours later whole cell lysates were analyzed by western blot. The membrane was first blotted with HRP-conjugated streptavidin to detect TG2 activity, then extensively washed and probed with anti-O-GlcNAcylation antibody followed with HRP-conjugated secondary antibodies. Last the membrane was probed with anti-actin as a loading control. C -The same experimental procedure as described in (B) was applied to HeLa cells treated for 48 h prior to ionomycin treatment (8 µM) with siRNA control or directed against TG2. Figure 6. Optimal bacterial growth requires GFPT and prevents UDP-GlcNAc accumulation. A -HeLa cells were infected or not (NI) with C. trachomatis (MOI = 1), then lysed 24 or 48 hpi. After separation with SDS-PAGE, proteins were transferred to a membrane, probed with anti-O-GlcNAcylation antibody followed with HRP-conjugated secondary antibodies. After extensive washes the membrane was blotted again with anti-GFPT and anti-actin antibodies before revelation with HRP-conjugated secondary antibodies. B -HeLa cells were infected or not with C. trachomatis (MOI = 1). Twenty-four hours later, 8 µM ionomycin (or DMSO alone) and 0.5 mM BP were added. After 6 h of treatment, cells were lysed and proteins revealed as in (A). C -HeLa cells treated for 72 h with siRNA targeting GFPT1 or GFPT2 were lysed. After separation with SDS-PAGE, proteins were transferred to a membrane, probed with anti-GFPT and anti-actin antibody before revelation with HRP-conjugated secondary antibodies. D -HeLa cells were transfected with control siRNA or siRNAs against GFPT or TG2. Two days later the cells were infected for the indicated times (MOI=0. A -HeLa cells were pre-treated with the indicated concentrations of Cysteamine for 2 h before being infected with L2 incD GFP at MOI=0.15. Thirty hours later the cells were disrupted and bacterial titers (IFU) were determined by re-infecting fresh HeLa cells as described in the methods. The mean ± SD of three independent experiments are shown. P-values of Student's paired t-test are indicated when <0.05. B -TG2 +/+ and TG2 -/-MEFs were infected with L2 incD GFP at MOI=0.15. Thirty h later the cells were disrupted and bacterial titers were determined by re-infecting fresh TG2 +/+ cells as described in the methods. The mean ± SD of five independent experiments and p-values from Student's paired t-test are shown. C -To measure bacterial adhesion TG2 +/+ and TG2 -/-MEFs were incubated at 4 °C for 4 h with L2 incD GFP at MOI=10 before being washed and fixed as described in the methods. The mean ± SD of three independent experiments are shown. D -TG2 +/+ and TG2 -/-MEFs were infected with L2 incD GFP at MOI=10 and fixed at the indicated time. Extracellular bacteria were differentially labeled as described in the methods. The mean ± SD of three independent experiments, and p-values from Student's paired t-test, are shown. Figure EV2. Infection by C. muridarum activates TG2, which favors bacterial growth (related to Figure 2). A -Whole cell lysates were prepared with HeLa cells infected or not for 48 h with C. muridarum (MOI=1) in the presence or not of BP. Cell lysates were run on SDS-PAGE, proteins were transferred to a membrane and BP incorporation was revealed with HRP-conjugated streptavidin. B -HeLa cells were transfected with siRNA against TG2 for 48 h before being infected in duplicates with C. muridarum at MOI=0.15. Thirty hours later one set of cells were disrupted and bacterial titers (IFU=inclusion forming unit) were determined by re-infecting fresh HeLa cells as described in the methods. The mean ± SD of three independent experiments and pvalues of Student's paired t-test are shown (top). Duplicate wells were incubated further for a total of 48 h before the cells were fixed, permeabilized with 0.3% Triton-X100 and stained with rabbit antibodies against C. muridarum GroEL followed with A488-coupled anti-rabbit secondary antibodies. Samples were analyzed by flow cytometry, the percentage of infected cells (middle) and the mean fluorescence of the infected population (bottom) ± SD are shown for three independent experiments, p-values of Student's paired t-test are indicated. Figure EV3. GFPT silencing affects bacterial division (related to Figure 6). HeLa cells treated for 48 h with siRNA targeting GFPT1 or not (siCTRL) were infected with C. trachomatis (MOI = 1), fixed 30 hpi and processed for transmission electron microscopy. Lines show example of measured RB diameters. Scale bar = 600 nm. RB diameters were measured using ImageJ on > 300 bacteria in one experiment. Each dot represents one RB, the mean value ± SD and p-value of Student's paired t-test are indicated.
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Infection-driven activation of transglutaminase 2 boosts glucose uptake and hexosamine biosynthesis Benoit Maffei 1,2 , Marc Laverrière 1 , Yongzheng Wu 1 , Sébastien Triboulet 1 , Stéphanie Perrinet 1 , Magalie Duchateau 3 , Mariette Matondo 3 , Robert L. Hollis 4 , Charlie Gourley 4 , Jan Rupp 5 , Jeffrey W. Keillor • Table S1. Candidate TG2 substrates in C. trachomatis infected cells • Table S2. Primers used for siRNA, qPCR and mutagenesis Legends Figure S1. Live bacteria induce TG2 activation in HeLa and MEFs cells. Related to Figure 1. Before addition to HeLa cells the bacterial inoculum was either left untreated (MOI = 1), or filtered through of a 0.22 µM filter, or incubated for 30 min at 65 °C to kill the bacteria. The inoculum was applied to HeLa cells in the presence or not of BP and 48 h later whole cell lysates were prepared. After separation by SDS-PAGE, proteins were transferred to a membrane and BP incorporation was revealed with HRPconjugated streptavidin. ng.mL -1 ) were added to the culture medium. Forty-eight hpi DNA were extracted from one well to measure bacterial load, and RNA were extracted from the duplicate well. Bacterial gDNA (16S RNA) measured by real-time RT-PCR was normalized to host gDNA (actin gene) and is expressed relative to the infected non-treated culture. GLUT-1 and GLUT-3 transcripts were measured by real-time RT-PCR and normalized to actin with the DDCt method as in Fig. 3A. The experiment was performed in duplicate and repeated four times, mean ± SD are shown. P-values of the Student's ratio-paired t-test are indicated when <0.05. Figure S3. Measure of glucosamine-6-P production by GFPT by HPAEC-PAD. Related to Figure 4. The three top panels show the retention times of the different sugars used or produced during the reaction when analyzed by HPAEC-PAD. Note that glutamine and glutamate are not retained by this column. A cell lysate without addition of fructose-6-P or glutamine is also shown. The bottom two panels display an enlargement of the output of the reaction when control or ionomycin treated cell lysates were used. The arrows point to the glucosamine-6-P peak. Fructose-6-P was not entirely consumed by the reaction. Formation of glucose-6-P was also observed, possibly by GFPT isomerase activity or by another cellular enzyme present in the lysate such as glucose-6-P isomerase.

Figure S4. Gating steps for the examination of the size of replicative C. trachomatis by flow cytometry. Related to Figure 6. Exponential cultures of E. coli, density-gradient purified elementary bodies, non-infected cells, and cells infected with L2 incD GFP at MOI=0.3 for different time points (indicated) were fixed and treated as described in the methods section. The top dot plots describe how the first three samples were used to gate the region of interest that contains mostly replicative C. trachomatis (excluded regions are hatched). An increase in the number of replicative bacteria, and a decrease in their size (FSC-A value) were observed when increasing infection time.

Table S1: Candidate TG2 substrates in C. trachomatis infected cells

The list displays streptavidin-bound proteins identified by mass spectrometry in the infected samples only in the presence of BP (first 37 entries) or more abundant in the presence of BP than in its absence (last 25 entries, Log2([Mean intensity with BP]/[Mean intensity without BP]) and p-values are shown).

UniProt ID Protein Gene

Protein description log2 P-value 

  3) before fixation, rupture of the cells and measurement of bacterial diameter. The mean diameter ± SD and p-values of Student's paired t-test on 4 independent experiments are shown. E -HeLa cells treated for 48 h with siRNA targeting GFPT1 or not (siCTRL) were infected with C. trachomatis (MOI = 0.15). Thirty hours later cells were fixed and analyzed by flow cytometry. The percentage of infected cells (top) and the mean fluorescence of the infected population (middle) ) ± SD are shown for at least four independent experiments. Duplicate wells were lysed and used to re-infect fresh HeLa cells to determine the bacterial titer (bottom). P-values of Student's ratio-paired t-test are indicated. F -Schematic view of the outcome of TG2 activation in infection. The increase in TG2 expression and activity in cells infected with C. trachomatis results in the up-regulation of the expression of glucose transporters. Increasing quantities of glucose are thus imported in the host cytoplasm and redirected to the vacuole, where they fuel bacterial growth. Parallel to this transcriptional outcome, the transamidating activity of TG2 targets the host enzyme GFPT, thereby boosting the hexosamine biosynthesis pathway. The bacteria consume the resulting UDP-GlcNAc, or an intermediate along this pathway, in particular to sustain bacterial division. Expanded View Figure Legends Figure EV1. TG2 is beneficial for bacterial development (related to Figure 2).

•

  Legends to the supplementary figures • Figure S1. Live bacteria induce TG2 activation in HeLa and MEFs cells. • Figure S2. Reduction of bacterial load does not account for the loss of induction of GLUT-1 and GLUT-3 transcription upon CP4d treatment. • Figure S3. Measure of glucosamine-6-P production by GFPT by HPAEC-PAD. • Figure S4. Gating steps for the examination of the size of replicative C. trachomatis by flow cytometry.

Figure S2 .

 S2 Figure S2. Reduction of bacterial load does not account for the loss of induction of GLUT-1 and GLUT-3 transcription upon CP4d treatment. Related to Figure 3. HeLa cells were infected or not with C. trachomatis (MOI=1) in duplicate per condition. Two hpi CP4d (40 µM) or 24 hpi doxycycline (62.5

  

Table S2 : Primer sequences used for siRNA, qPCR and mutagenesis

 S2 

	Experiment Target	Sequence
		TG2.1	GGGCGAACCACCUGAACAAdTdT
		TG2.2	CAGUUCGAGGAUGGAAUCCUGGAUAdTdT
		HIF1a.1	AAGUCUGCAACAUGGAAGGUAdTdT
		HIF1a.2	UUCUCCGAACGUGUCACGUdTdT
	siRNA	GFPT1.1	GACAGAUUGUGGAGUUCAUdTdT
		GFPT1.2	CCUUGGUGGAGAGAGUUAUdTdT
		GFPT1.3	
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