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ABSTRACT

Chlamydia trachomatis is an obligate intracellular pathogenic bacterium that can only
infect humans. It is the leading cause of sexually transmitted infections of bacterial origin and
can also infect the eye conjunctiva, causing acquired blindness (trachoma).

During its biphasic developmental cycle, C. trachomatis remains in a membrane-bound
compartment called inclusion, separated from the cytoplasm. The bacteria have acquired
several strategies to highjack cellular functions to secure their niche and meet their metabolic
needs.

In this thesis we focused on the impact of a cellular enzyme, the tissue transglutaminase
(TG2), on C. trachomatis development. The main activity of this multifunctional enzyme is a
transamidating activity, i.e. the catalysis of a covalent bound between two proteins or with a
small amine present in the cell.

We have shown that TG2 expression and transamidating activity increased upon C.
trachomatis infection. This increase is necessary for optimal bacterial growth, a conclusion
supported by experiments using mice knocked-out for the expression of TG2 infected with C.
muridarum.

At the cellular level, we focused our work on the impact of TG2 on cellular metabolism
modification during C. trachomatis infection. We showed that TG2 played a central role in the
control of glucose import in infected cells by regulating GLUT and GLUT3 transcription. In
addition, we identified GIn328 on the enzyme GFPT1 (glucosamine-fructose-6-phosphate
amidotransferase 1), as a target of TG2. GFPT1 is the first and rate-limiting enzyme of the
hexosamine biosynthetic pathway, regulating the synthesis of UDP-N-acetylglucosamine. This
metabolite is used for post-translational modification of proteins by O-GlcNAcylation. Our
work uncovered an unsuspected link between TG2 transamidating activity and O-
GlcNAcylation. This link was disrupted in infected cells, likely because UDP-N-
acetylglucosamine is rapidly consumed by the bacteria, in particular to assist division.

In conclusion, our work established TG2 as a key player in controlling glucose-derived
metabolic pathways in mammalian cells, themselves hijacked by C. trachomatis to sustain its

own metabolic needs.



RESUME

Chlamydia trachomatis est une bactérie pathogéne intracellulaire obligatoire dont
I’Homme est 1’hote exclusif. Elle représente la premicére cause mondiale d’infections
sexuellement transmissibles d’origine bactérienne mais peut également infecter la conjonctive
de I’ceil et causer des cécités (trachome).

Au cours de son cycle infectieux, biphasique, C. trachomatis réside au sein d’un
compartiment appelé inclusion, séparé du cytoplasme par une membrane. Afin de sécuriser leur
niche écologique et d’assurer leurs besoins métaboliques, ces bactéries ont développés des
stratégies variées leur permettant de détourner des fonctions cellulaires.

Dans cette thése nous avons ¢étudi¢é D'impact d’une enzyme cellulaire, la
transglutaminase 2 (TG2), sur le développement de C. trachomatis. L’activité principale de
cette enzyme multifonctionnelle est une activité transamidase, consistant en la catalyse d’un
lien covalent entre deux protéines ou entre une protéine et une petite amine.

Nous avons pu montrer que 1’activité transglutaminase de TG2 ainsi que la quantité de
cette enzyme augmentaient au cours de I’infection par C. trachomatis. Cette augmentation est
nécessaire pour permettre une croissance bactérienne optimale. Cette conclusion est appuyée
par des expériences sur des souris n’exprimant pas TG2, infectées par Chlamydia muridarum.

Au niveau cellulaire, nous nous sommes intéressés a 1’impact de TG2 sur la
modification du métabolisme cellulaire lors de I’infection par C. trachomatis. Nous avons pu
mettre en évidence un rdle clef de TG2 dans le contrdle de I’'import de glucose dans les cellules
infectées par une régulation transcriptionnelle des transporteurs de glucose GLUT! et GLUTS3.
De plus, nous avons identifi¢ la GIn328 de I’enzyme GFPTI1 (glucosamine-fructose-6-
phosphate amidotransférase 1) comme cible de TG2. GFPT1 est la premiére et cinétiquement
limitante enzyme de la voie de biosynthese des hexosamines, régulant la synthése d’UDP-N-
acétylglucosamine. Ce métabolite est utilis¢é pour la modification post-traductionnelle de
protéines par O-GlcNAcylation. Notre travail a révélé un lien inattendu entre 1’activité
transamidase de TG2 et I’O-GlcNAcylation. Ce lien est interrompu dans des cellules infectées,
probablement parce que 1’'UDP-N-acétylglucosamine est consommé par les bactéries, en
particulier pour permettre leur division.

En conclusion, ce travail présente TG2 comme un effecteur clef dans le contrdle de
voies métaboliques dérivées du glucose dans des cellules de mammifére, elles-mémes

détournées par C. trachomatis afin de subvenir a ses propres besoins métaboliques.



RESUME DETAILLE

Le phylum des Chlamydiae regroupe un ensemble de bactéries intracellulaires
obligatoires a Gram négatif. Ces bactéries présentent un cycle de développement biphasique
trés particulier se déroulant au sein d’un hote eucaryote, pouvant étre un protozoaire (amibes
par exemple) ou un métazoaire. La famille des Chlamydiaceae regroupe un ensemble de
Chlamydiae pathogeénes d’animaux (mammiferes, insectes, poissons, marsupiaux...) qui ont un
impact en santé vétérinaire et humaine. Deux espéces de Chlamydiaceae infectent ’Homme de
maniere réguliere : Chlamydia trachomatis et Chlamydia pneumoniae. A la différence de C.
pneumoniae capable d’infecter des hdtes variés, et causant des infections de 1’appareil
respiratoire chez I’Homme, C. trachomatis a pour hote exclusif ’Homme. Certaines souches
(serovars A a C) infectent la conjonctive de 1’ceil, pouvant conduire au trachome lorsqu’elles
ne sont pas traitées a temps : c’est la premiere cause de cécité acquise au monde. Les autres
serovars infectent la région uro-génitale de maniére souvent asymptomatique, mais dont les
conséquences peuvent étre lourdes sur le long terme chez la femme (grossesse extra-utérine,
inflammation pelvienne chronique, infertilit¢): elle représente la premiere infection
sexuellement transmissible d’origine bactérienne au monde avec plus de 100 millions de

nouveaux cas par an.

Le cycle biphasique des Chlamydiaceae implique une alternance entre deux formes de
la bactérie : le corps ¢lémentaire (EB), infectieux, non réplicatif et métaboliquement peu actif
et le corps réticulé (RB), plus gros, réplicatif, et osmotiquement fragile. Un EB adhére a la
surface d’une cellule-hdte puis est internalisé au sein d’un compartiment appelé inclusion, une
vacuole parasitophore qui le sépare du cytosol par une membrane. Une fois au sein de
I’inclusion, le EB se différencie en RB, qui se multiplie par fission binaire. Dés 24 h apres
entrée dans la cellule, certains RB présents dans I’inclusion se redifférencient en EB, de maniére
asynchrone, de sorte qu’au bout de 48 h environ, I’inclusion contient trés majoritairement des
EB. A ce moment-1a, les EB sont libérés de la cellule-hote soit par lyse de celle-ci, soit par un
processus d’extrusion ou I’inclusion est libérée dans le milieu extracellulaire entourée d’une
membrane supplémentaire. Les EB libérés peuvent infecter les cellules adjacentes et

commencer un nouveau cycle.



En lien avec le mode de réplication de ces bactéries, intracellulaire obligatoire, les
Chlamydiae ont subi une réduction génique conduisant a la perte d’un certain nombre de génes
et a une dépendance a certaines fonctions cellulaires, notamment en ce qui concerne
I’acquisition de métabolites. Tout au long du cycle, la bactérie, protégée au sein de 1’inclusion,
interagit avec sa cellule-hote grace a la sécrétion de protéines effectrices. Le principal
mécanisme de sécrétion est appelé systeme de sécrétion de type 3, il est retrouvé dans de
nombreuses bactéries a Gram négatif pathogénes. Les protéines sécrétées jouent un role clef
dans la manipulation de I’hdte et le détournement des fonctions cellulaires au profit de la
bactérie. Un des éléments cruciaux pour la multiplication bactérienne est le glucose, métabolite
central pour la synthése d’énergie sous forme d’ATP mais aussi pour la biosynthese de
nombreuses autres molécules organiques. Divers travaux ont montré que C. trachomatis
augmentait I’import de glucose dans la cellule hote. 11 existe des arguments pour penser que le
métabolisme de la cellule hote est détourné vers un métabolisme de type glycolyse aérobie,
caractérisé par une trés forte consommation de glucose dans la glycolyse et une forte production
de lactate reflétant une respiration mitochondriale relativement faible comparée au
fonctionnement glycolytique de ces cellules. Ce métabolisme particulier, aussi appelé effet
Warburg, dont I’intérét pour les cellules le réalisant reste toujours débattu, est retrouvé chez les
cellules cancéreuses entre autres. Dans le cas de cellules épithéliales mammaires, il a été
montré qu’une enzyme cellulaire, la transglutaminase 2 (TG2), jouait un réle important dans

I’orientation du métabolisme vers la glycolyse aérobie.

Cette enzyme multifonctionnelle tient son nom de sa capacité a catalyser la réaction de
transamination qui correspond a la création d’une liaison covalente entre le résidu glutamine
d’une protéine et le résidu lysine d’une autre protéine (ou de la méme protéine), ou une petite
amine présente dans la cellule comme 1’histamine ou la sérotonine par exemple. L’activité
transaminase de TG2 est fortement contrdlée et nécessite une forte élévation de la concentration
en calcium, au moins locale. Par des actions impliquant cette activité transaminase ainsi que
d’autres indépendantes de celle-ci — liées aux interactions que TG2 réalise avec d’autres
protéines dont le facteur de transcription NFkB — TG2 constitue, dans certains cancers comme
le cancer ovarien, un moteur des changements transcriptionnels aboutissant au détournement
du métabolisme cellulaire vers un métabolisme de type glycolyse aérobie, notamment en
induisant I’expression ou la stabilisation du facteur de transcription HIF-1. Par ailleurs,
I’expression de TG2 est induite par plusieurs cytokines et une activation de I’enzyme est

observée dans de nombreux processus inflammatoires tels que des fibroses rénales,



I’athérosclérose ou la transformation tumorale. Curieusement la question de ’activation de TG2
lors d’une réaction inflammatoire classique que constitue une infection microbienne a été
I’objet de trés peu d’études. Nous avons cherché dans cette thése a déterminer si TG2 était
sollicitée lors de I’infection de cellules épithéliales par C. trachomatis ainsi que le role que

pouvait avoir cette enzyme, dans le cycle de développement bactérien.

Résultats

Nous avons dans un premier temps cherché a déterminer si 1’activité transaminase de
TG2 était augmentée au cours de l’infection par C. trachomatis, en utilisant une sonde
incorporée dans les protéines cibles de la réaction de transamination. Nous avons observé une
augmentation de cette activité sur des temps plutét tardif du cycle, apres 24 h d’infection et
jusqu’a la fin du cycle vers 48 h. Cette augmentation est bien liée a TG2 car lorsque 1’on inhibe
spécifiquement cette enzyme a 1’aide d’un inhibiteur compétitif, le CP4d, on perd cette
augmentation du signal transaminase cellulaire global. Lorsque I’on traite les cellules avec de
la cycloheximide, un inhibiteur de la traduction cellulaire, le signal transaminase est largement
diminué, indiquant que 1’augmentation de I’activit¢ de TG2 lors de I’infection passe en partie
par une augmentation de I’expression de la protéine. Celle-ci correle avec une augmentation de
la transcription du geéne correspondant 7GM2. On perd également une grande partie de
’activation transcriptionnelle de TG2 en traitant les cellules avec du CP4d, indiquant une
boucle de rétroaction positive : ’activité transaminase de TG2 est impliquée dans

I’augmentation de 1’expression de 1’enzyme.

Etant donné I’augmentation d’activité transaminase par TG2 lors de I’infection, nous
avons cherché a comprendre son impact sur le cycle de développement de C. trachomatis.
S’intéressant dans un premier temps au cycle dans son ensemble, nous avons pu mettre en
évidence I’importance de I’activité de TG2 pour la bactérie qui produit moins de EB par cellule
lorsqu’elle se multiplie au sein de cellules traitées au CP4d, ou ne présentant pas du tout
d’enzyme TG2 (fibroblastes murins issus de lignées KO pour TG2). Plus précisément, nous
avons montré que TG2 n’était pas importante pour I’étape d’attachement des bactéries a la
surface des cellules mais qu’elle I’était dans 1’entrée des bactéries. De plus, TG2 est également
importante pour le développement de la bactérie une fois celle-ci entrée, puisque la taille des
inclusions contenant les bactéries dans des cellules traitées au CP4d était inférieure a celle dans
les cellules contrdle. Ces résultats ont été¢ confirmés sur des cellules primaires humaines issues

d’épithélia dérivés des trompes, et avec différents sérovars uro-génitaux de C. trachomatis.



En utilisant un modele murin d’infection par C. muridarum, espéce adaptée a la souris
génétiquement trés proche de C. trachomatis, nous avons confirmé 1’importance de TG2 sur le
développement bactérien. Des souris KO pour TG2 présentent, 25 jours apres infection, moins
de symptomes (hydrosalpinx) liés a I’inflammation provoquée par I’infection. De plus, chez les
souris TG2 KO, la charge bactérienne tend a étre inférieure au niveau des voies génitales

supérieures a celle mesurée dans des souris controle.

Du fait de I'importance de TG2 pour rediriger le métabolisme cellulaire vers la
glycolyse aérobie dans certaines cellules cancéreuses, ainsi que la forte demande en glucose
créée par la multiplication bactérienne dans les cellules infectées, nous avons alors entrepris de
tester 1I’implication de TG2 dans les modifications du métabolisme cellulaire au cours de
I’infection par C. trachomatis. Dans un premier temps nous avons montré que les bactéries
infectant des cellules KO pour TG2 étaient plus sensibles a la concentration en glucose dans le
milieu que les bactéries infectant des cellules contrdle. En effet, dans des conditions ou la
concentration en glucose devient limitante (a partir de 1 mg.mL"! de glucose dans le milieu),
nous avons observé une diminution plus importante du nombre de bactéries produites par cycle
infectieux dans les cellules KO pour TG2, indiquant effectivement une plus forte dépendance
a la concentration en glucose dans le milieu lorsque TG2 est absente. Etant donné que la
glycolyse aérobie se traduit par une augmentation de la présence a la membrane plasmique des
transporteurs du glucose GLUT et qu’au cours de l’infection par C. trachomatis une
augmentation des transporteurs GLUT-1 et GLUT-3 avait été décrite dans la littérature, nous
avons cherché a savoir s’il y avait un lien entre 1’augmentation de transcription des geénes codant
GLUT-1 et GLUT-3 et TG2 dans le cas de I’infection. Par RT-qPCR, nous avons démontré
qu’en présence de CP4d inhibant TG2, les cellules infectées 46 h ne présentaient plus
d’augmentation de I’expression des génes codant GLUT-1 et GLUT-3 et revenaient a un niveau
d’expression équivalent a des cellules non infectées. Tous ces résultats semblent indiquer que
dans les cellules infectées, 1’¢1évation de 1’expression et de 1’activité¢ de TG2 permettent une
modification du métabolisme cellulaire, en particulier de I’expression des genes codant GLUT-
1 et GLUT-3. Cette augmentation est nécessaire a un import suffisant de glucose au sein des

cellules infectées, pour le bon développement et la bonne multiplication des bactéries.

Par ailleurs, nous avons entrepris d’identifier des cibles de TG2 au cours de I’infection
par C. trachomatis. Pour ce faire, nous avons incubé des cellules infectées ou non avec une

sonde de I’activité¢ de TG2, la biotine pentylamine, et infecté ces cellules pendant 48 h. Cette



sonde, biotinylée, est incorporée par liaison covalente dans les substrats de TG2, que nous avons
ensuite purifiés a I’aide de billes couplés a la streptavidine puis identifiés par spectrométrie de
masse. Sur les soixante-deux protéines identifiées qui étaient significativement enrichies dans
les échantillons infectés par rapport aux échantillons non infectés, certaines protéines étaient
des cibles déja décrites comme cibles de TG2, notamment la fibronectine, RhoA ou la galectine-
3. De plus, les deux isoformes de GFPT (glucosamine-6-phosphate amidotransférase), GFPT1
et GFPT2 ont ét¢ identifiées. GFPT est la premicre enzyme, catalysant 1’étape cinétiquement
limitante, de la voie de biosynthése des hexosamines (VBH). Cette enzyme convertit le
fructose-6-phosphate, produit a partir de glucose dans la glycolyse, en glucosamine-6-
phosphate et est donc directement en lien avec le métabolisme du glucose. Le produit final de
cette voie métabolique, I’"'UDP-N-acétylglucosamine (UDP-GIcNAc), est utilisé dans les
cellules pour réaliser les O- et N-glycosylations des protéines dans la voie sécrétoire dans le
réticulum endoplasmique et 1’appareil de Golgi, ainsi que 1’O-N-acétylglycosylation (O-
GlcNAcylation), une modification post-traductionnelle de protéines principalement
cytosoliques et nucléaires. Afin de tester si une des isoformes de GFPT avait un impact sur le
développement de C. trachomatis et pouvait représenter une cible intéressante de TG2, nous
avons testé I’effet d’une diminution de la quantité de GFPT1, au cours de I’infection. Cet ARNSsi
dirigé contre GFPT1 induit un effet sur I’infection, et cet effet est assez similaire a celui de
I’inhibition de TG2 par le CP4d une fois que les bactéries sont entrées dans la cellule : on
observe des inclusions de taille réduite, avec moins de bactéries produites a 1’issue d’un cycle

de développement.

Fort de cette observation, nous avons émis 1’hypotheése que la modification de GFPT]1
par TG2 devait avoir un effet stabilisant voire activateur sur cette protéine, puisqu’en absence
de GFPT1 le phénotype sur I’infection était similaire a une absence de TG2. GFPT est I’enzyme
limitante de la VBH, I’augmentation de son activité entraine une augmentation du produit final
de la VBH, ’'UDP-GIcNAc. Ce métabolite est lui-méme le substrat de I’O-GIlcNActransferase
(OGT), et, de fait, la mesure du niveau global d’O-GlcNAcylation sert communément de
révélateur du niveau d’activité de GFPT. Dans un premier temps, nous avons étudié le niveau
d’O-GlcNAcylation aprés une activation de TG2 par le traitement des cellules avec un
ionophore du calcium, pour s’affranchir de la complexité du systéme infectieux. Des cellules
traitées pendant 6 h avec I’ionomycine présentent une forte augmentation de 1’activité
transaminase de TG2, ainsi qu’une augmentation du signal li¢ a I’ O-GlcNAcylation détecté par

immunoblot. Cette augmentation est perdue si les cellules sont traitées avec un inhibiteur de



TG2, ou si ’expression de I’enzyme est éteinte par ARNsi. La quantité de protéine de GFPT1
restant sensiblement identique suite a la stimulation par I’ionomycine, cela confirme que TG2
influe positivement sur 1’activité de GFPT1. Dans un second temps, nous avons suivi le niveau
d’O-GlcNAcylation au cours de ’infection. Nous avons été surpris de ne pas observer
d’augmentation de 1I’O-GlcNAcylation dans ce contexte, alors méme que 1’augmentation de
I’activité de TG2 est patente. Nous avons alors postulé que ’'UDP-GIcNAc produit par la VBH
était peut-Etre importé dans 1’inclusion et utilisé par la bactérie, notamment pour synthétiser
son peptidoglycane. Soutenant cette hypothése, nous avons observé que ’activation de TG2
avec de I’ionomycine entraine une augmentation moindre de I’O-GlcNAcylation dans les
cellules infectées que dans les cellules non infectées. L hypothése d’une utilisation de I’'UDP-
GlcNAc par les bactéries est également étayée par la présence a la membrane de I’inclusion
d’un transporteur normalement présent au niveau du réticulum endoplasmique, SLC35D2,

capable de transporter entre autres I’'UDP-GIcNAc.

Conclusion

Au cours de ce travail nous avons pu mettre en évidence le rdle clef de TG2 dans la
manipulation de la cellule hote par la bactérie C. trachomatis. La question de 1’acquisition des
nutriments au sein d’une cellule pour les pathogénes intracellulaires, qu’ils soient bactériens,
viraux ou parasitaires, tout en maintenant cette cellule en vie suffisamment longtemps, est
capitale. Nous avons pu montrer ici I’importance de TG2 pour 1I’augmentation de 1’import de
glucose dans la cellule infectée ainsi que pour la production d’un métabolite utilisé par la
bactérie pour sa division ; il se pourrait que la stratégie démontrée ici chez Chlamydia ait été

adoptée indépendamment au cours de 1I’évolution par d’autres pathogénes ou symbiontes.

Par ailleurs, cette étude ne se cantonne pas au modele d’infection et identifie une
nouvelle cible de TG2 hors contexte infectieux : GFPT1. L’origine de I’augmentation de
I’activit¢ de GFPT1 permise par sa modification par TG2 reste incomprise, cependant nous
avons initié¢ des études biochimiques et identifi¢ une glutamine de GFPT1 modifiée, ouvrant la

voie a une explication moléculaire de ce phénomene.

Plusieurs hypothéses peuvent expliquer I’augmentation de TG2 et de son activité durant
I’infection par C. trachomatis. La production par les cellules infectées d’IL-6, une cytokine pro-
inflammatoire pouvant agir sur le promoteur de 7GM?2 et induire sa transcription pourrait étre

a la base de 1’¢lévation du niveau de TG2, en partie responsable de 1’¢lévation de I’activité



transaminase dans ces cellules. Par ailleurs, une ¢élévation locale a proximité de la membrane
de I’inclusion de la teneur en Ca?" cytosolique, liée probablement a la présence de réticulum
endoplasmique a cet endroit, décrite précédemment, pourrait étre a la base de 1’activation de
TG2. De plus, en permettant une activation uniquement locale de TG2, ceci ne perturberait pas
I’homéostasie cellulaire par une activation massive et généralisée dans la cellule de cette

enzyme.

Dans le contexte plus complexe de I’infection d’un organisme animal par C.
trachomatis, il est probable que le role de TG2 se complexifie du fait de ses différentes
localisations cellulaires et des fonctions variées que cette enzyme peut exercer dans les
différents compartiments qu’elle occupe ainsi que suivant le type cellulaire 1’exprimant. De
plus, les roles déja décrits de TG2 dans 1’établissement de phénomeénes de fibrose tissulaire au
cours de processus de cicatrisation mal régulés laissent & penser que I’activation, au cours de
I’infection, de cette enzyme puisse étre reliée avec les symptomes se développant des suites

d’infections chroniques a Chlamydia, a 1a base de la stérilité pouvant étre induite chez la femme.
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I. Chlamydia trachomatis, a human-adapted obligate intracellular

pathogen.

A. C. trachomatis phylogeny and associated pathologies.

1. The Chlamydiae: a phylum of its own.

Chlamydia trachomatis is a bacterium belonging to the phylum “Chlamydiae”. This
phylum of Gram-negative bacteria branched out very early in evolution, several hundreds of
millions of years ago, and one key feature of its members is that they are all obligate
intracellular organisms, unable to multiply outside a host cell (Horn and Wagner, 2004). The
second characteristic feature of all Chlamydiae is that these bacteria undergo a very peculiar

biphasic developmental cycle that is discussed in the next part (Horn, 2008).
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Figure 1: Phylogenetic tree of the Chlamydiae

This phylogenetic representation of the Chlamydiae phylum is based on the complete 16S rRNA
sequence, using Rickettsia sp. as outgroup. Ca. stands for Candidatus, species discovered at the time of
the publication and proposed as new species. From Fehr ez al, 2013.

12



The Chlamydiae phylum counts only one Class (Chlamydiia) and one order, the
Chlamydiales. Increasing numbers of families are being described thanks to deep sequencing
techniques applied to various environmental samples such as sediments, soils or aquatic

environments (figure 1) (Bavoil et al, 2013; Horn, 2008; Salamin et al, 2015).
2. The Chlamydiaceae, a family adapted to animal hosts.

The species belonging to the family Chlamydiaceae have a very condensed genome for
bacteria (around 1Mb). In contrast to members of other chlamydial families that can develop in
unicellular organisms, Chlamydiaceae only infect animals. Co-evolution with these hosts has
led to a massive reduction in the size of their genome (in comparison, the genome of
Protochlamydia amoebophila makes 2.4 Mb), and to an increased dependency on metabolic
functions of their host (Brian et a/, 2004; Stephens, 1998; Omsland et al, 2014).

Infections by Chlamydiaceae lead to the development of diverse pathologies depending
on the host and the organs infected. The history of the Chlamydiae started with the discovery
of organisms developing in the conjunctival epithelial cells of humans that were later ascribed
to the genus Chlamydia. 1t is only during the 1960s that they were classified as bacteria and not
viruses or protozoa given their small size and their unique developmental cycle. All Chlamydia
species infect animals including mammals. The range of animals possibly infected varies with
the species, and most of the available information deals with species that have an impact on
human health or on domesticated animals (Nunes and Gomes, 2014). Five out of the nine
Chlamydia species are able to infect humans. C. trachomatis and C. pneumoniae are the two
most important species considering the number of cases of infection and the associated
symptoms. C. abortus, C. psittaci, and to a lesser extent C. felis, are also able to infect man
through zoonotic transmission from infected domesticated or wild animals. For the remaining
species, no zoonotic transmission has been reported yet (Everett and Bush, 2001; Nunes and
Gomes, 2014).

C. pneumoniae develops in the respiratory tract. Often asymptomatic, it can cause acute
respiratory infections in humans and its prevalence in the population is high. It has also been
associated to chronic diseases such as atherosclerosis or obstructive pulmonary disease
(Choroszy-Krdl, 2014). It has a large spectrum of hosts: marsupials, frogs, horses, etc (Nunes
and Gomes, 2014). C. trachomatis on the other hand only infects humans and is the Chlamydia

species with the strongest impact on human health.
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3. C. trachomatis: a species strictly adapted to humans.

C. trachomatis is the first species of the Chlamydiae that has been discovered in the
beginning of the 20" century from conjunctival epithelial cells of patients suffering from
trachoma. Given the shape and the Giemsa coloration of the vacuole-containing bacteria and
the bacteria within cells, researchers at that time thought they had found a new protozoan
surrounded by a cloak, hence its original name of “Chlamydozoa”, coming from the ancient
Greek “yAopvc” meaning cloak.

This species is the causative agent of different pathologies, depending on the site of
infection. Due to a diversity in the immunoreactivity of the major outer membrane protein
(MOMP), 15 serovars have been identified so far from clinical samples, and those serovars

have been grouped into three different biovars associated with pathologies (figure 2) (Nunes et
al, 2008).
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Figure 2: Phylogenic reconstruction of C. trachomatis

The tree was made by comparing 819 genes conserved from the sequenced genomes of different serovars
of C. trachomatis, showing a genetic correlation between tissue tropism and infection symptoms, and
serovar. From Nunes and Gomes, 2014.

a. Serovars A to C and ocular infections.

Serovars A, B, Ba and C have a tropism for the eye conjunctiva. These serovars are

mainly endemic in developing countries, where they transmit from contact between infected
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people or through flies that have contacted infected fluids. They are the causative agents of
trachoma, an eye disease leading to blindness in long term and non-treated infections. The
infection causes an inflammation of the eye conjunctiva and the eyelid, resulting progressively
in an entropion, where the eyelid folds inward, and the scratching of the cornea by the eyelashes.
This phenomenon called trichiasis means the beginning of an opacification of the cornea
leading to blindness if left untreated (Mohammadpour et a/, 2016).

Trachoma is the leading cause of acquired blindness worldwide with 1.8 million people
affected and endemic in 51 countries according to the Worldwide Health Organization (WHO).
In 2015, 85 million people were diagnosed with an ocular infection by C. trachomatis (Taylor

et al,2014).

b. Serovars D to K and uro-genital infections.

C. trachomatis is also the leading cause of sexually transmitted infections (STIs) of
bacterial origin worldwide, with an estimation of 130.9 million new infections in 2012 (figure

3) (Newman et al, 2012).
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Figure 3: WHO estimates of new cases of four curable STI including C. trachomatis in 2012

#

The estimates are made per region and expressed in millions of new cases per year, data from 2012.

From Unemo et al, 2017.

The urogenital tract colonization by C. trachomatis is quite common for both men and

women and often asymptomatic — for one man out of two and three women out of four. The
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infection can remain in the lower parts of the genital tract causing cervicitis in woman and
urethritis in men. It can also ascend and generate inflammation of the fallopian tubes
(salpingitis), the inner lining of the uterus (endometritis) or the epididymis in men. Tissue
scaring, especially in long-term or recurring infections in women, can lead to serious sequelae
such as chronic pelvic pain, ectopic pregnancies or even infertility (Mackern-Oberti et al, 2013;

Unemo et al, 2017).

c. Serovars L1 to L3 and lymphogranuloma venereum.

The serovars L1, L2, L.2a and L3 are more invasive and are responsible for a STI called
lymphogranuloma venereum or LGV. This disease starts with the infection of the genital or
colonic epithelium and spreads rapidly towards the blood circulation, disseminating to the
draining lymph node by infected circulating monocytes. Once the lymph nodes become infected
(10 to 30 days after the initial contamination), the pathology evolves quickly with different
symptoms like lymph node necrosis, abscesses or buboes formation, and results in permanent

tissue damages (Ceovic and Gulin, 2015; Mabey and Peeling, 2002; Unemo et al, 2017).
4. Treatments.

Currently, C. trachomatis infections are treated efficiently with antibiotics of the
macrolide family such as azithromycin for non LGV serovars, or of the tetracycline family such
as doxycycline. No resistance has been reported yet, very likely due to the particular lifestyle
of the bacterium, isolated in its intracellular niche (the inclusion, see below). However, the
development of a vaccine remains a priority, because many asymptomatic infections are left
untreated until the damages are irreversible. Also, infections treated with antibiotics can be
followed with reinfections and no efficient immune memory and immunity seems to develop

(Unemo et al, 2017; WHO strategy, 2016).

Regarding ocular infections, the WHO has launched a program called SAFE (Surgery —
for trichiasis, Antibiotics, Facial cleanliness and Environmental improvement) to eradicate the
blinding disease in developing countries in 1996. In 1998 based on the SAFE strategy, a
resolution passed for the Global Elimination of Trachoma by 2020 (GET2020). This strategy
aimed particularly at increasing the health conditions in the developing countries suffering from
trachoma. The WHO report in 2014 pointed out that the situation reported in the 30 countries
that participated actively in the survey has improved significantly but major work is still to be

done, especially on the F and E components of the SAFE strategy (WHO report, 2014).
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5. Animal models of infection.

Since C. trachomatis only infects humans, the in vivo research on this bacterium has
suffered from the lack of suitable animal model. C. muridarum is a species adapted to mice and
is genetically very close to C. trachomatis. It has thus been extensively used as an animal model
of Chlamydia infection, although important immunological differences between the human and
mouse physiology in the reproductive tract exist, and in particular in the innate immune
response (De Clercq et al, 2013; Haldar et al, 2016). It is possible to infect mice with C.
trachomatis but a higher dose of bacteria is needed and the bacteria are cleared in less than 2
weeks, even in nude mice, implying that the murine innate immune system is sufficient to
eliminate C. trachomatis (Tuffrey et al, 1982).

Guinea pig infection with C. caviae was one of the first animal model implemented, and
the immune response seems closer to the one happening in human (Miyairi et al/, 2010; Shaw
et al, 2017). But the paucity of tools in guinea pigs compared to mice, and its higher cost have
limited the use of this alternative animal model.

Finally, nonhuman primate models have also been tested. The pig-tailed macaque is
arguably the closest to human in terms of physiology (menstrual cycle of 28 to 30 days, anatomy
similar) and physiopathology (no need for pre-treating the animals with hormones for example
to be susceptible to C. trachomatis genital infections) and is more convenient for breeding (Bell
et al, 2011). However, it is scarcely used, due to the practical disadvantages and ethical
concerns inherent to macaque studies.

Finally, the last few years have seen the emergence of a new concept, supported by
many epidemiological observations, clinical samples and experiments in mice: the possibility
that at least some Chlamydia species are commensal bacteria colonizing our gastrointestinal
tract. Data from mice experiment using C. muridarum support this hypothesis by revealing a
possible gastrointestinal tract long-lasting colonization from a genital tract initial infection
(Bavoil et al, 2017; Wang et al, 2018; Zhong, 2017). There is currently no data supporting a
gastrointestinal tract colonization by C. trachomatis in humans, but such a scenario would
explain among others the reinfection of certain women without any sexual relation after
treatment and may account for a large number of chronic infections causing long-term sequelae.

This is thus certainly an interesting hypothesis to follow on.
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B. A bacterium with a peculiar biphasic developmental cycle.

1. Overview of the developmental cycle.

C. trachomatis, along with the other Chlamydiae, undergo an intracellular
developmental cycle characterized by the alternation of two different developmental forms, a
small (around 0.3 pm of diameter) and infectious form called elementary body (EB) and a

dividing form (around 1 um of diameter) called reticulate body (RB).
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Figure 4: C. trachomatis developmental cycle

After adhesion at the cell surface, the EB gets quickly internalized in a vacuole called “inclusion” (1).
The inclusion migrates towards the microtubule organizing center. The EB differentiates into an RB (2),
that is the only replicative form of the bacteria (3). After about 24 h, some RBs differentiate back into
EBs in an asynchronous manner (4) and ultimately the bacteria, mainly EBs, exit the cell either by lysis
(5A) or extrusion (5B). Figure kindly provided by Dr. Mathilde Cossé.
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The cycle starts with the attachment of an EB at the surface of a cell, followed by its
internalization (figure 4). Once inside the cellular cytoplasm, the bacterium remains in a
membrane-bound compartment called inclusion all along the cycle. Within a few hours
following entry, the EB gradually differentiates into an RB. The RB divides inside the growing
inclusion until, asynchronously, some RBs differentiate back into EBs starting 24 h post-
infection (hpi) and until the end of the cycle about 48 h after entry of the bacterium. An
intermediate form called intermediate body (IB) corresponding to a transition from RB to EB
has been described based on electron microscopy pictures (Kajima et al, 1964). At the end of
the developmental cycle, the bacteria, mostly EBs, are released from the cell either by lysis of
the cell after breakage of the inclusion membrane and the plasma membrane, or by a so-called
extrusion with the release of bacteria still wrapped into an inclusion surrounded itself by another

membrane.
2. Adhesion and invasion of the host cell.

Although C. trachomatis is able to infect mostly epithelial cells in vivo, many different
cell types can be infected in vitro, even cells of non-human origin such as mouse embryonic
fibroblasts (MEFs). This ability in vitro indicates a diversity of receptors involved in the
bacterial adhesion and entry (Guseva et al, 2007). Indeed, several surface proteins have been
implicated as potential bacterial receptors as detailed below. The adhesion process proceeds in
two steps, a first step which is a loose adhesion based on electrostatic interactions, followed by

a firm and irreversible adhesion preceding the invasion step (Dautry-Varsat et al, 2004).

The heparan sulfate (HS) present on the proteoglycan secreted by the cells and on their
surface have been shown to play an important role in the adhesion: bacteria no longer attached
to cells treated with an HS lyase (Zhang and Stephens, 1992). Other cellular receptors have
been identified such as the protein disulfide isomerase (PDI), the platelet-derived growth factor
receptor beta (PDGFRf) or the EphrinA2 receptor, using naturally KO cell lines or siRNA
screening (Abromaitis and Stephens, 2009; Elwell et a/, 2008; Hegemann and Moelleken, 2012;
Subbarayal et al, 2015).

On the bacterial side, it has been shown that MOMP exposed at the surface of the EBs
was able to interact with HS present on cellular glycosaminoglycans, and cells incubated with
recombinant MOMP were resistant to infection by C. trachomatis LGV-L2 (Su et al, 1996;

Stephens et al, 2001). Other bacterial determinants have been shown to be important such as
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the outer membrane complex B (OmcB) and polymorphic membrane proteins (Pmps) (Becker
and Hegemann 2014; Fadel and Eley, 2008).

It is important to point out that the requirements in one or another receptor at the cell
surface vary in importance depending on the serovars used and may account for the difference
in tropism in vivo (Carabeo and Hackstadt, 2001; Fadel and Eley, 2008). Moreover, the diversity
of proteins identified on both sides of the interaction reflects probably, at the evolution scale,
the absolute requirement for the bacterium to enter a cell in order to complete its developmental

cycle.

During this firm adhesion step, the bacterial type 3 secretion systems (T3SSs) present
in the EBs, preformed and polarized, get in contact with the cellular plasma membrane,
allowing the injection of bacterial effectors such as CT694 or the translocated actin recruiting
phosphoprotein (TarP) (figure 5) (Clifton et al, 2004; Fields et al, 2003; Hower et al, 2009;
Nans et al, 2014).

Cooperation between host cell proteins and bacterial effectors allow the entry of the
bacteria into the cell mediated by a local actin remodeling (Cossé ef al, 2016). TarP is able to
interact with actin monomers and nucleate the polymerization of filaments (Clifton et a/, 2004;
Jewett et al, 2006). CT694 interacts with AHNAK, a host cell protein involved in the formation
of actin stress fibers and inhibits its F-actin bundling activity. However, the analysis of CT694
KO strains recently suggested that the role of CT694 in entry was not mediated by its interaction
with AHNAK (Hower et al, 2009; McKuen et al, 2017). On the cellular side, it has been shown
that the small GTPase Rac was activated locally, leading to a recruitment and activation of
Arp2/3 complexes through a signaling cascade, also contributing to a local actin remodeling
(Carabeo et al, 2004; Carabeo et al, 2007; Elwell et al, 2008). This modification in the actin
cytoskeleton allows for the formation of membrane projections that surrounds the bacterium,
leading eventually to its internalization in a membrane bound compartment: the inclusion
(Carabeo et al, 2002; Nans et al, 2014). More recently, syntaxin-9 (SNX9), a cellular protein
involved in filipodia formation and micropinocytosis, joined the growing list of proteins

involved in actin remodeling to allow bacterial entry (Ford ef al, 2018).
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Figure 5: Chlamydia effectors secreted at the entry of the bacteria into its host cell

A. The secretion of TarP and its phosphorylation by cellular tyrosine kinases leads to the polymerization
of actin cytoskeleton, forming protrusions around the bacteria. CT166 and CT694 by stimulating local
actin depolymerization favor cytoskeleton rearrangements beneficial for bacterial entry. TarP
contributes also to stimulating pro-survival signaling pathways while TepP, secreted and phosphorylated
a few minutes after invasion, is involved in the downregulation of the cellular immune response. From
Elwell et al, 2016.

B. Three-dimensional reconstruction from cryo-electron tomogram of C. trachomatis adhering at the
surface of U20S cells, with T3SSs polarized towards the plasma membrane of the cells. Yellow: cellular
plasma membrane; red: T3SSs; green: bacterial outer membrane; cyan: bacterial inner membrane. From
Nans et al, 2014.

3. The EB to RB conversion.

After its entry in the host cell, the differentiation program from EB to RB is initiated.
Transcription of a specific subset of genes is turned on less than an hour after entry of the
bacterium, allowing the expression of 29 immediate-early genes involved in nutrient acquisition
and constitution of the identity of the inclusion membrane (Belland et al, 2003; Shaw et al,
2000). This second feature is achieved by the production of so-called Inc proteins, proteins
secreted by Chlamydia T3SS and inserted into the inclusion membrane (Bannantine et al,
2000). C. trachomatis genome encodes for about fifty Inc proteins, which are transcribed and
secreted at different times during the cycle of the bacterium and largely contribute to define the

interactions between the new cellular compartment — the inclusion — and the rest of the
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organelles and vesicles (Mirrashidi et al, 2015; Weber et al, 2015). This is mediated by
interactions between the Inc proteins and host proteins such as various proteins of the Rab
family, SNAREs constituting the vesicle-fusion cell machinery, cytoskeletal proteins like
CEP170 (Damiani et al, 2014; Delevoye et al, 2008; Dumoux et al, 2015; Kabeiseman et al,
2013; Mirrashidi et al, 2015; Moore et al, 2011; Pokrovskaya et al, 2012)...

The signal(s) inducing the transition from EB to RB is not known to date, but this
transition occurs between 2 and 6 hours after entry. Two main morphological modifications
happen to the EB, necessary for the RB functions:

- a reduction of the disulfide bounds cross-linking the proteins from the chlamydial outer
membrane complex (COMC), mainly MOMP and the cysteine rich proteins OmcA and OmcB,
leading to a relaxation of the EB (Hackstadt et al, 1985; Hatch et al, 1986).

- a decondensation of the nucleoid allowed by the dissociation of the histone-like proteins Hcl
and Hc2 from the bacterial chromosome (Barry et al, 1992; Brickman et a/, 1993; Christiansen
et al, 1993). A small metabolite from the methylerythritol 4-phosphate pathway, produced after
the immediate-early transcription, is involved in this process (Grieshaberet al, 2004).

The differentiation from EB to RB is characterized by a drastic change in the size of the
bacterium (0.3 um of diameter for the EB compared to 1 um for the RB) accompanied by the
transcription of many genes allowing an active metabolism and the multiplication of the RB
(Belland et al, 2003; Nicholson et al, 2003). RBs are non-infectious and osmotically much more
fragile than EBs, mainly due to the absence of the disulfide bounds crosslinking proteins from
the COMC. The bacterial actin-homologue protein MreB has been shown as crucial to allow
this transition, maybe by ordering and stabilizing the change in shape (Liechti ef al, 2016).

A few hours after bacterial entry, the inclusion is transported along microtubules by the
dynein minus-end-directed molecular motor (Clausen et al, 1997; Grieshaber et al, 2003). The
interaction between dynein and the inclusion is likely mediated by the Inc protein CT850,
shown to interact with the dynein light chain DYNLT1 (Mital ef a/, 2015). This transport ends
with the localization of the inclusion in close proximity with the nuclear membrane, the
endoplasmic reticulum (ER) and the Golgi apparatus, at the microtubule organization center

(MTOC) (Dumoux et al, 2015; Hackstadt et al, 1996; Stanhope et al, 2017).
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4. The proliferation phase.

When considering the multiplication of RBs inside the inclusion, it is important to
realize that no multiplication can take place without a supply in energy and nutrients coming
partially from the host cell, and without an expansion and stabilization of the inclusion that
needs an increase in size to accommodate the increasing number of bacteria. All the elements
of the cytoskeleton have been shown to play an important role in the stability of the inclusion.
A stable microtubule network (detyrosinated microtubules) surrounds the inclusion at already
12 hours post infection and stays until the end (Al-Zeer et al, 2014). The organization of this
network is achieved by the interaction between an Inc protein called IPAM (inclusion protein
acting on microtubules) and the centrosomal protein of 170 kDa (CEP170) (figure 6) (Dumoux
et al,2015). An actin “cage” has also been described, forming a nest around the inclusion along
with septin fibers. If the actin network or the septin is disorganized by using respectively a drug
(cytochalasin D) or siRNAs, the inclusion tends to rupture (Kumar and Valdivia, 2008; Zuck et
al, 2017). Intermediate filaments contribute ultimately to the stability of this large stabilizing
scaffold with vimentin for which the modification of certain residues by addition of O-linked
B-N-acetylglucosamine is essential (Tarbet et al, 2018). A disruption of any of these different
cytoskeletal elements results in a decrease in the progeny produced by the bacteria after an

infectious cycle.
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Figure 6: actin and microtubule filaments organization around C. trachomatis inclusion

HeLa cells were infected with C. trachomatis for 24 to 66 h (indicated on the left), then fixed and stained
for confocal microscopy revealing tubulins (green), actin (red) or DNA (grey, blue on merge pictures).
A maximum intensity projection of z-stacks is represented. Scale bar: 10 pm. From Dumoux et a/, 2015.

Inside the inclusion, RBs divide actively and even though a recent study was suggesting
that they divided by some sort of budding mechanism, the last data acquired using quantitative
three-dimensional electron microscopy confirmed that they divide by binary fission as assumed
initially (Abdelrahman et al, 2016; Lee et al, 2018). This division is allowed by a subversion
of host cell metabolites such as glucose (more detailed in part II), or lipids. Indeed, eukaryotic
lipids such as cholesterol or phosphatidylcholine seem to be present in purified bacteria, for
example (Cox et al, 2012; Cox et al, 2015; Hatch and McClarty, 1998; Yao et al, 2015).

During a long period, the division mechanism of Chlamydia was a mystery, since the
bacterial genome does not encode a homologue of FtsZ, a protein commonly regulating division
along with peptidoglycan biogenesis (Stephens, 1998). Moreover, no detection of any
peptidoglycan was achieved by common techniques, even though the bacterial growth was
sensitive to penicillin and the genome encoded all the enzymes for peptidoglycan biosynthesis
(Barbour et al, 1982; Fox et al, 1990; Moulder et al, 1963; Stephens, 1998). Recent studies
have unraveled this so-called “chlamydial anomaly”, by detecting the peptidoglycan at the
septum of division (Packiam et al, 2015). This peptidoglycan is composed of glycan chains of
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N-acetylmuramic acid linked to N-acetylglucosamine (GIcNAc) saccharides cross-linked to
peptide chains and seems to be produced only at the division septum of the bacteria along with
MreB. The low abundance of peptidoglycan might be part of the adaptation to Vertebrates, to
avoid a stimulation of pathogen recognition receptors (PRRs) present in the cell such as NOD2

or TLR4 (Liechti et al, 2014; Liechti et al, 2016; Packiam et al, 2015).

Figure 7: C. trachomatis mid-cell peptidoglycan ring

HeLa cells infected with C. trachomatis were incubated with ethynyl-D-Alanine-D-Alanine (green in
the pictures), a fluorescent probe incorporated into the peptidoglycan during its biosynthesis, from 2 to
18 hpi. Cells were fixed and stained for MOMP (red) to delimit the bacterial outer membrane and for
the cell nuclei with DAPI (blue). Scale bar: 1 um. Images a. to e. show a maximum intensity projection
of confocal microscopy images revealing the presence of a peptidoglycan ring. Magnifications b. to e.
present with arrowheads division septa with peptidoglycan puncta. Images f. and g. were acquired with
structured illumination microscopy and present with arrowheads asymmetric divisions of the bacterium.
From Liechti et al, 2016.

5. Retro-conversion and cell exit.

The signals involved in the conversion from RB back to EB are not fully understood.
This differentiation happens asynchronously, with the first EB observed in the inclusion about
24 hours post infection while other RB continue to replicate, so that mature inclusions contain
of a mixture of EBs and RBs. This year, an elegant study based on quantitative three-
dimensional electron microscopy at different times of infection allowed Lee and collaborators
to formulate a new hypothesis to explain the asynchrony in RB to EB differentiation. Based on
the observation that RBs differ in size, the authors proposed that size reduction occurs because

division takes place before bacterial size doubles, and that under a certain size threshold, the
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transition RB to EB is initiated. This hypothesis is supported by a mathematical model,
predicting the number of EBs and RBs in an inclusion at a certain time of infection (Lee et al,
2018). However, the signal that initiates the conversion per se remains to be determined.

After 36 to 48 hours of infection, the newly formed EBs are freed in the extracellular
medium by two alternative mechanisms: lysis of the host cell or extrusion of the inclusion,
which can potentially leave the host cell intact (Hybiske and Stephens, 2007). The cell lysis
relies on the action of proteases permeabilizing the inclusion membrane first, followed with
other organelles. Ultimately, a calcium-dependent permeabilization of the plasma membrane
allows the release of thousands of EBs in the extracellular medium (figure 8) (Hybiske and
Stephens, 2007). This process takes about 15 min for C. trachomatis LGV-L2 serovar. The
extrusion mechanism on the other hand requires the activation of the actin-based motor myosin
I1 by phosphorylation. Work by the Hackstadt’s lab unraveled a complex Ca** based control of
myosin II phosphorylation, involving the recruitment, by Inc proteins, of several host kinases
and phosphatases, and calcium channels, at specific sites of contacts between the endoplasmic
reticulum (ER) and the inclusion membrane (Lutter et al/, 2013; Nguyen et al, 2018).
Eventually, local increase of calcium, released from endoplasmic reticulum, promotes myosin
motor activity, which drives the extrusion process and the release of part of an inclusion or an
entire inclusion surrounded by a membrane in the medium. This exit strategy has proven to be
protective for the bacteria, increasing their survival in the extracellular medium, and, even more
interestingly, after being phagocytosed by macrophages and dendritic cells, allowing the exit
of still infectious particles from those cells (Sherrid and Hybiske, 2017; Zuck et al, 2017). Very
recently in vivo evidence for the existence of bacteria enclosed within an extrusion membrane

has been documented in mice (Shaw et al, 2017).
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Figure 8: Exit mechanisms of C. trachomatis

Schematic representation of the two mechanisms for Chlamydia exit from its host cell: a cell lysis after
rupture of the vacuole membrane, dependent on calcium influx (A) or the extrusion mechanism
controlled by actin cytoskeleton remodeling (B). Red dots represent EBs and green dots represent RBs.
From Hybiske and Stephens, 2007.

C. Host-bacterium interactions.

1. A fragile equilibrium until the completion of the developmental cycle.

Eukaryotic cells have developed a number of defense strategies to eliminate intruders. To
survive in this environment, Chlamydiae have developed molecular strategies to interfere with
host defense, in particular with the ultimate host response that is cell death. It is particularly
important for these bacteria that the host cell survives as long as possible after the beginning of
infection because premature cell death releases mostly RBs, which are not able to initiate a new
cycle. Also, very important for the bacteria is to ensure access to host resources in spite of their
separation from the cytoplasm. Overall, interactions between the host and the bacteria are
omnipresent during the whole developmental cycle, from the entry step to the extracellular
release. Most of these interactions are meditated by bacterial proteins called effectors, which
evolved to utilize host proteins to their advantage, and to neutralize host defenses, after being

secreted in the cytoplasm of the cell.
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2. Secretion of chlamydial proteins in the host cytoplasm.

Secretion refers to the capacity, shared by all cells, to release a selected subset of the
proteins they produce beyond the membrane that defines them as individual entities. Bacterial
secretion systems are often complex multiproteic structures (Green and Mecsas, 2016). Since
the pathogenicity of many bacteria is linked to their ability to secrete proteins, these machineries
constitute important targets for specific antibacterial drug development.

Among the secretion systems identified so far, the genome of C. trachomatis encodes
the proteins constituting only three different secretion systems: the type 2 secretion system
(T2SS), type 3 secretion system (T3SS) and the type 5 secretion system (T5SS) (Stephens,
1998). When it comes to protein secretion beyond the inclusion membrane, the T3SS is the
main machinery involved. However, a few secreted proteins, including the extensively studied
chlamydial protease-like activity factor (CPAF), do not use T3SS but possess a signal peptide
for translocation into the periplasm (Chen ef al, 2010). The mechanism allowing translocation
of these proteins from the periplasm to the host cell cytoplasm remains unclear, possibly thanks
to vesicles released into the inclusion lumen that would fuse with the inclusion membrane (Giles

et al., 2006; Heuer et al, 2003; Zhong et al, 2001).
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Figure 9: Diversity of the bacterial secretion systems

Schematic representation of the discovered secretion systems in the bacterial kingdom. The secretion
systems highlighted (dark writing squared with red) are the one encoded in C. trachomatis genome.
Adapted from Maffei et al, 2017.

The T3SS, also named injectisome, forms a needle-like structure that can be observed
by electron microscopy: a basal core called translocon links the inner and outer membrane
where it contacts the polymer of needle-constituting proteins, that ends with a tip that can be

inserted and a eukaryotic membrane. The translocation of proteins from the cytoplasm of the
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bacterium to the cytoplasm of the eukaryotic cell is activated upon contact between the tip of
the structure and the eukaryotic membrane (Abrusci et al, 2014; Nans et al, 2015). The ATP-
dependent translocation of a protein through the T3SS requires the protein to be still unfolded,
which is generally allowed by the presence of chaperone proteins that maintain this unfolded
state and can also determine a time during infection when a protein is secreted (Chen et al,
2014; Dai and Li, 2014; Diepold et al, 2017; Pais et al, 2013; Spaeth et al, 2009).

T3S machineries are assembled both at the surface of EBs and RBs, and allow for the
secretion of an estimated ~ 100 different effectors along the developmental cycle, half of which
being Inc proteins, inserted in the inclusion membrane (Betts-Hampikian and Fields, 2011;

Nans et al, 2014).
3. A variety of T3S effectors to meet multiple needs.

The effectors are secreted during the entire cycle and are essential for the establishment
of the bacterial niche and for bacterial growth. The identification of Chlamydia T3SS effectors
has been based for many years on the use of heterologous secretion assays in genetically
tractable bacteria possessing a T3SS, either in Yersinia pseudotuberculosis or Shigella flexneri

(Clifton et al, 2004; Subtil et al, 2005).

The study of Chlamydia effector proteins revealed a targeting strategy of a variety of
cellular functions depicted in Figure 10:
- Reorganization of the cytoskeleton at the entry site and around the inclusion (Clifton et al
2005; Dumoux et al, 2015; Jiwani et al, 2012; McKuen et al, 2017).
- Interactions with and highjacking of cellular trafficking (Delevoye et al, 2008; Mital et al,
2015; Paul et al, 2017; Stanhope et al, 2017; Wesolowski et al, 2017)...
- Apoptosis inhibition (Sixt et al, 2017; Weber et al, 2017; Fischer et al, 2017).
- Modification of the immune response (Carpenter et al, 2017; Chen et al, 2014; Patton et al,
2016; Rajeeve et al, 2018; Tang et al, 2015).
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Figure 10: Chlamydia effectors and cellular manipulation

Along its cycle, Chlamydia secretes effector proteins that highjack different cellular functions, allowing
optimal conditions for bacterial multiplication to happen. The different functions targeted are
represented in bold dark and the effectors associated in blue.

So far only a handful of effector proteins have been the subject of functional studies.

Many host functions targeted by these proteins likely remain to be discovered.
4. Host-pathogen interactions at the metabolic level

Since C. trachomatis remains in the inclusion along its developmental cycle, this
bacterium has evolved mechanisms to acquire metabolites, essential for its growth and
multiplication. The principal nutrient required is glucose, the main source of energy for the
bacteria, however in this part we will focus on the other metabolites known, since glucose
metabolism will be developed in the next part.

Generally, the molecular mechanisms involving metabolites import in the inclusion
lumen are not well characterized. However, some questions have been unraveled in regard of
nutrient acquisition by Chlamydia. The transport of biotin, a cofactor of certain enzymes
involved in lipid metabolism, involves the cellular sodium multivitamin transporter (SMVT)
present at the inclusion membrane, that allows the import of this vitamin into the inclusion
lumen. Then the bacterial transporter of biotin (BioY), present in the membrane of the RBs,
imports it from the inclusion lumen to the bacterial cytoplasm: it is a two-step mechanism

(Fisher et al, 2012). Moreover, since SMVT is also important for the cellular import of
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pantothenic acid and lipoic acid, two other cofactors essential for the catalysis of metabolic
enzyme, this transporter might be involved in the acquisition of those metabolites, essential for
Chlamydia.

The import of amino acids and nucleotides is, to date, still a mystery. However, quite a
lot of data have been compiled regarding lipid acquisition. C. trachomatis is able to acquire
lipids from different cellular sources:
- Lipid droplets which are translocated inside the inclusion lumen (Cocchiaro ef al, 2008). Since
they do not accumulate in the inclusion lumen, they must be degraded and the lipids constituting
them used by the bacteria either to produce energy or to synthesize their membrane.
- Peroxisomes are also translocated in the inclusion lumen and the plasmalogens, particular
lipids synthetized in these organelles, are used by the bacteria and incorporated in their
membrane (Boncompain et al, 2014).
- Sphingomyelin is imported by vesicular transport from the Golgi by highjacking a secretory
route (Hackstadt et al, 1996).
- Sphingomyelin is also directly translocated from the ER to the inclusion membrane by the
ceramide transfer protein (CERT) at membrane contact sites between those two organelles
(Derré et al, 2011; Elwell et al, 2011). The IncD protein seems to be involved in this recruitment
by interacting with the pleckstrin homology (PH) domain of CERT.
- Scavenging of the host high density lipoprotein (HDL) biogenesis machinery, relocated at the
inclusion membrane, allows for the acquisition of certain lipids such as phosphatidylcholine
(Cox et al, 2012).

Understanding glucose metabolism in Chlamydia-infected cells is a central and wide

topic regarding host-pathogen metabolic interactions. It will be the main focus of the next part.
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I1. Glucose metabolism during Chlamydia infection.

A. Glucose in mammalian cells, an energy source and a biosynthesis

precursor.

Glucose is a small molecule belonging to the carbohydrate also called sugar
superfamily. All mammalian cells harness the energy residing in the chemical bond between
the carbon atoms of glucose and other organic molecules and oxidize it in order to get the energy
they need to fulfill their function in the organism: they are chemoorganotrophs. In addition to
this energetic role, glucose is a key precursor metabolite for many biosynthetic pathways and a

central molecule of the mammalian metabolism.
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Figure 11: Glucose metabolism in eukaryotic cells

1,3BP, 1,3-bisphosphoglycerate; 2PG, 2-phosphoglycerate; 3PG, 3-phosphoglycerate; 6PGO, 6-
phosphogluconolactone; DHAP, dihydroxyacetone-phosphate; F6P, fructose-6-phosphate; F1,6BP,
fructose-1,6-bisphosphate; G3P, glyceraldehyde-3-phosphate; Glc1P, Glucose-1-phosphate; GIc6P,
Glucose-6-phosphate; GIcNH26P, glucosamine-6-phosphate; PEP, phosphoenolpyruvate; RSP, ribose-
5-phosphate; UDP-GIcNAc, uridine diphosphate-N-acetylglucosamine.
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1. A metabolite used for energy production.

Glucose is one of the major sources of energy of mammalian cells, together with fatty
acids. The oxidation of one glucose molecule in aerobic conditions goes through the glycolysis
to give rise to pyruvate which is then fully oxidized in the mitochondria in the tri-carboxylic
acid (TCA) cycle to release carbon dioxide. All along this process, energetic potential is
transferred to redox cofactors, nicotinamide adenine dinucleotide (NAD") and flavin adenine
dinucleotide (FAD), or directly ATP, the molecule used in living cells as the “molecular unit
of currency” of intracellular energy transfer. While the direct generation of ATP only takes
place with substrate-level phosphorylation during glycolysis, the generation of reduction
power, NADH,H" and FADH,, involves both glycolysis and TCA cycle, even though the main
source is the TCA cycle. This reduction power is then converted into ATP by a complex process
occurring in the inner membrane of the mitochondria called oxidative phosphorylation
(OxPhos).

This OxPhos couples an electron transfer from the reduced NADH,H* or FADH> to a
dioxygen molecule (producing a water molecule), with the creation of a proton gradient across
the mitochondrial inner membrane (figure 12). This gradient creates a proton-motive force
which is dissipated by the functioning of the ATP-synthase complex that couples it to an ATP
production from ADP and inorganic phosphate. It has been calculated that the complete
oxidation of one molecule of glucose by this process — glycolysis followed by TCA cycle and
OxPhos — generated 36 molecules of ATP: 2 during substrate level phosphorylation in the
glycolysis, 2 equivalent ATP during the TCA cycle (2 GTP produced) and 32 during the
OxPhos. Thus, OxPhos is the major source of ATP production during glucose complete

oxidation.
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Figure 12: TCA cycle and oxidative phosphorylation in the mitochondria

Pyruvate, coming from glucose degradation in the glycolysis for example, fuels the TCA cycle in the
mitochondria after its activation by the pyruvate dehydrogenase complex (PDH) into acetyl-coenzyme
A (acetyl-CoA). All the reduction power produced under NADH,H" or FADH forms is reoxidized by
the respiratory complex I (CI) or II (CII) respectively. The electrons are then transferred to different
molecules (pink and white dots represent ubiquinone and ferredoxin respectively) and membrane
complexes III (CIII) and IV (CIV) to the final acceptor, dioxygen. Along this process, protons are
transferred from the mitochondrial matrix to the intermembrane space, creating a gradient. Ultimately,
this gradient is dispersed by the ATP-synthase (CV) that uses the proton-motive force to ATP synthesis.

Glucose oxidation can be complete under aerobic conditions or incomplete, usually
under dioxygen limiting concentration or particular conditions (aerobic glycolysis is described
in part C). However, the incomplete oxidation of glucose into pyruvate and then lactate allowing
the reoxidation of reduced cofactors NADH,H" generates way less ATP molecules per glucose
molecule than its complete oxidative phosphorylation: 2 ATP generated during partial oxidation
versus 36 with complete oxidation.

Glycolysis is tightly regulated through the three enzymes catalyzing its irreversible
steps: the hexokinase, the phosphofructokinase-1 and the pyruvate kinase. They are generally
activated by an increase in AMP or ADP indicating a need of energy in the cell or by upstream
products revealing a need of this pathway to be more active. Their inhibition can be due to an
increase of ATP or downstream products accumulation indicating a saturation of the pathway

(figure 13).
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Figure 13: Rapid regulation of glycolytic flux by metabolic products

An accumulation of initial glycolytic substrate (fructose-1,6-bisphosphate (F1,6BP) and fructose-2,6-
bisphosphate (F2,6BP)) or a lack of energy in the cell traduced by elevated concentrations of AMP and
ADP activate key enzymes of this metabolic pathway (green arrows). On the contrary, an accumulation
of downstream products (citrate, acetyl-CoA), other cellular sources of energy (fatty acids, alanine) or
an accumulation of energy in the cell (ATP) leads to an inhibition of glycolysis on the same key enzymes
(red lines). 1,3BP, 1,3-bisphosphoglycerate; 2PG, 2-phosphoglycerate; 3PG, 3-phosphoglycerate;
DHAP, dihydroxyacetone-phosphate; F6P, fructose-6-phosphate; G3P, glyceraldehyde-3-phosphate;
Glc6P, Glucose-6-phosphate; PEP, phosphoenolpyruvate.
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In addition to this fast adaptation to the intracellular conditions, a long-term adaptation
is allowed by genetic regulation exerted by the surrounding conditions, particularly the oxygen
level, hormones, cytokines, growth factors, ... These mechanisms modulate the quantity of
enzyme catalyzing the different reactions of the pathway, as well as the isoforms expressed,
some more affine for their substrate, more catalytically efficient, or less subjected to inhibition.
As an example, the hypoxia inducible factor-1 (HIF-1), a transcription factor stabilized under
hypoxia among other conditions, induces an increase in the expression of the glucose
transporter GLUT1 and the hexokinase 2 (HK?2), leading to an increase in glucose uptake and
its phosphorylation — a process that traps glucose inside the cell. HIF-1 induces also the
expression of the isoform A of the lactate dehydrogenase (LDHA also known as LDHS)
resulting in more pyruvate to be converted into lactate and faster regeneration of the cofactor
NAD". This isoform is also more affine for pyruvate than lactate, favoring the reaction towards
the generation of lactate, whereas the LDHB has opposite affinities (figure 14) (Doherty et al,
2013). Other signaling pathways contribute to the regulation of glucose metabolism such as
pathways involving Myc, Akt, p53 or the AMP-activated protein kinase (AMPK) (Mulukutla
et al,2010).
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Figure 14: HIF-1 regulation of glycolysis at the transcription level

The activation of the transcription factor HIF-1, in anoxic conditions particularly, leads to the
upregulation of various genes encoding glycolytic enzymes (green arrows). This allows an increase in
the glycolytic flux and the production of lactate secreted in the extracellular medium by
monocarboxylate transporter 4 (MTA4). Phosphorylation of the pyruvate dehydrogenase closes
pyruvate entry into the TCA cycle and mitochondrial OxPhos, in which are not compatible with anoxic
conditions. From Porporato et al, 2011.

2. A precursor used for many biosynthesis pathways.

The glucose metabolism is not only an energy source but also an essential starting point
for many anabolic pathways. Most of these pathways do not use glucose as starting point but
products of the glucose catabolism, such as glycolysis intermediates, except for the glycogen
biosynthesis.

Glycogen is a storage polysaccharide polymer made of glucose molecules linked by an

a-1,4 glycosidic bond with a-1,6 bonds at branching points. After the conversion of glucose
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into glucose-6-P in the cell, a phosphoglucomutase converts it into glucose-1-P, which in turns
serves as substrate to produce UDP-glucose. UDP-glucose serves as the activated glucose unit
for glycogen biogenesis, catalyzed by the glycogen synthase (figure 11). Molecules of glycogen
allow for an osmotic inert storage of numerous molecules of glucose that can be used as energy
source during starvation or a sudden activity, or for anabolic reactions in actively multiplying
cells. The balance between glycogen accumulation and degradation is hormonally tightly
controlled for the organism function, especially in the liver where it is mainly stored, but not
exclusively: for example, an effect of sex hormones was shown for glycogen accumulation in
the rat uterus (Poteat and Bo, 1977).

Glucose-6-P can also be oxidized to enter the pentose phosphate pathway (PPP),
generating NADPH from NADP, a reduced molecule used in many anabolic reactions such as
lipid, nucleotide or some amino acid biosynthesis. Moreover, the PPP allows for the production
of ribose-5-P, the precursor for nucleotide biosynthesis. This ribose-5-P can also be produced
by a so-called “non-reductive branch” of the PPP, using fructose-6-P and glyceraldehyde-3-P
as starting point, two products of glucose degradation during glycolysis (figure 11).

Other metabolites produced during glucose oxidation in the glycolysis (3-P-glycerate or
pyruvate) or the TCA cycle (a-ketoglutarate or oxaloacetate) serve as starting point for the
biosynthesis of non-essential amino acids such as alanine, serine, glutamate, aspartate (figure
11).

Lipid biosynthesis also requires glucose degradation: acetyl-CoA is used for fatty acid
elongation or cholesterol biogenesis, and the glycerol-3-P or the ceramide from glycolysis
products (glyceraldehyde-3-P and 3-P-glycerate) are used for fatty acid, and sphingolipid
biosynthesis respectively (figure 11).

Finally, the fructose-6-P intermediate is the starting point of the hexosamine
biosynthesis pathway (HBP), converted by the glucosamine-fructose-6-phosphate
amidotransferase (GFPT) into glucosamine-6-P (figure 11). This pathway leads to the
production of UDP-N-acetylglucosamine (UDP-GIcNAc) that can be converted into other
nucleotide sugars which are the building blocks used for O- and N-linked glycosylation of
proteins in the Golgi and the ER. UDP-GIcNAc is also the substrate for O-N-
acetylglycosylation (O-GlcNAcylation), a post-translational modification consisting in the
addition of a GIcNAc onto a serine or threonine residue of a cytosolic or nuclear protein. This
modification is controlled by two enzymes: O-GlcNAc transferase (OGT) catalyzes the addition
of O-GlcNAc whereas O-GlcNAcase (OGA) removes it. In cellular or in vivo models this
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modification has been shown to impact histone remodeling, transcription, proliferation or aging
(Denzel et al, 2014; Love and Hanover, 2005).

The entry of glucose into these different pathways can be controlled by the presence and
activity of glycolytic enzymes, leading to the accumulation of substrates which are used in
biosynthesis pathways. For example, under an oxidative stress, the production of reactive
oxygen species (ROS) leads to the oxidation of cysteine 258 of the pyruvate kinase isoform M2
(PKM2), thereby inhibiting its activity. As a consequence, the concentration of the glycolysis
products from the downstream steps increases (Anastasiou et al/, 2011). The glyceraldehyde
phosphate dehydrogenase (GAPDH), upstream in the glycolysis, is also inhibited by oxidative
conditions. This results in a net increase in the concentration of glucose-6-P, increasing the flux
of the PPP and thus the generation of NADPH, cofactor used for the regeneration of glutathione
involved in the antioxidant response in eukaryotic cells (Anastasiou ef al, 2011).

The quantity of enzymes catalyzing the different reactions of these biosynthesis
pathways is also a powerful mechanism to control the entry into these pathways. For instance,
the two key enzymes of respectively the oxidative and non-oxidative branch of the PPP, the
glucose-6-P dehydrogenase (G6PD) and the transketolase, have an increased expression during
DNA replication at the S phase, probably necessary for production of the nucleotides used for
DNA synthesis (Vizanet al, 2009). GFPT, that controls the entry of fructose-6-P into the HBP,
has a short half-life time (less than 2 h). Products of the HBP have been proposed to have a
negative effect on GFPT transcription, constituting a genetic negative feedback-loop (Marshall
et al,1991). In addition, GFPT is inhibited by UDP-GIcNAc, the end product of the biochemical
pathway (Assrir et al 2014).

B. C. trachomatis and glucose: a long story.

Given the peculiar lifestyle of C. trachomatis and the gene reduction that happened
during the coevolution between this bacterium and its host, it is not surprising that it relies on
host glucose as an energy source and as a precursor, but also as a source for many other

metabolites to compensate for gene loss along several biosynthetic pathways.
1. Acquisition of glucose by the bacteria.

The idea that C. trachomatis was relying on glucose for its development was approached
quite a long time ago, with the description of glycogen accumulation within the inclusion

(Gordon and Quan, 1965).
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a. Different sources of cellular glucose.

The sequencing of C. trachomatis genome revealed that the bacteria must rely on an
activated molecule of glucose (such as glucose-6-P) for its glycolysis to happen, since it lacked
a hexokinase. The nature of this activated glucose and the exchangers allowing its transport
from the host cytoplasm to the bacterial lumen, were unraveled only recently (Gehre et al,
2016).

Glycogen granules coming from the host cytoplasm are imported directly into the
inclusion lumen, by a mechanism that remains to be determined. Complementary to this bulk
import of glycogen, UDP-glucose is translocated into the inclusion lumen. At least one host
transporter, SLC35D2, a sugar transporter normally present in the ER and the Golgi and able
to transport also GDP-Mannose and UDP-GIcNAc, has been implicated in UDP-glucose import
(Gehre et al, 2016). Once in the inclusion lumen, UDP-glucose serves as a substrate for bacterial
glycogen synthesis enzymes GlgA and GlgB, which are secreted in the inclusion lumen for

synthesizing glycogen in this enclosed space (figure 15).
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Figure 15: Glucose import into the inclusion lumen by C. trachomatis

C. trachomatis imports glucose from its host cell under two different forms: a bulk import of glycogen
that can be degraded then into the inclusion lumen into glucose-1-phosphate, or an import of UDP-
glucose through the transporter SLC35D2. This UDP-glucose can be used by Chlamydia glycogen
synthases GlgA and GlgB to synthesize new glycogen into the inclusion lumen. Adapted from Gehre et
al, 2016.
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b. Glucose uptake by the bacteria.

The degradation of the glycogen by secreted bacterial proteins leads to the release of
glucose-1-P within the lumen of the inclusion. An experiment using radio-labeled glucose
sources (glucose, glucose-1-P or glucose-6-P) and competition with cold glucose revealed that
only glucose-6-P was imported by the bacteria probably by the UhpC transporter (Gehre et al,
2016; Schwoppe et al, 2002). The conversion of glucose-1-P into glucose-6-P requires the
secretion in the inclusion lumen of a chlamydial phosphoglucomutase (Triboulet et al, in
preparation). The glucose-6-P can then be translocated in the bacteria and used as energy source

and biosynthetic substrate.
2. The glucose, a source of energy.

The axenic culture of EB and RB forms of Chlamydia in medium containing different
sources of energy (glucose-6-P or ATP) in the presence of radiolabeled methionine revealed
that EBs were able to actively synthesize proteins using glucose-6-P as the main source of
energy. In contrast, RBs required ATP (Omsland et al, 2012). RBs are able to produce ATP at
their membrane by a sodium-dependent ATP synthase, and it appears that Chlamydia
dependency on ATP generation by the host is more important in early stages of infection (Liang
et al, 2018). It is thus likely that glucose-6-P is also used by RBs in order to generate energy,
at least in the later stages of infection. The enzymes catalyzing the first two steps of the TCA
cycle are missing in C. trachomatis. This implies that the ATP produced from glucose-6-P by
OxPhos consumes only the NADH,H* produced during glycolysis, strongly diminishing the
yield of ATP production per glucose molecule (Kubo and Stephens, 2001).

3. Glucose as a precursor.

Chlamydia possesses a functional PPP along with all the enzymes for the synthesis of
the building blocks of the peptidoglycan (hexosamines and isoprenoids). The bacterium
synthesizes also the cofactors necessary for the electron transport chain in the futalosine
pathway. It possesses the required enzymes for the synthesis of several amino acids but many
need to be imported from the host, including glutamate, which can enter the incomplete TCA
cycle in order to produce ATP in fine (Stephens, 1998).

In addition, the bacteria rely completely on the host cell for biosynthesis of nucleotides
and a drug blocking the guanine nucleotide biosynthesis inhibits drastically bacterial

multiplication (Rother ef al, 2018).
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Even though the initial concept of “energy parasite” has been revised with the
demonstration that Chlamydia was able to produce ATP, the inability of this bacterium to
generate all the biomolecules essential for its multiplication and growth makes it a metabolic
parasite for its host (Iliffe-Lee and McClarty, 1999; Moulder, 1962). In order to supply all the
metabolites required by the bacterium, the infected cell undergoes major changes in its glucose

metabolism.
C. Glucose metabolism modifications in Chlamydia-infected cell.

1. Increase in the uptake of glucose from the culture medium.

Given the central part that glucose plays in mammalian cells and in Chlamydia biology
for both energy production and metabolites biosynthesis, a critical point that infected cells need
to control is their glucose uptake from the extracellular medium.

The entry of glucose in cells is mediated by different glucose transporter proteins
(GLUTs), whose expression depends on the cell type and the membrane domains: GLUT-2 for
example is mainly expressed at the basal membrane of intestinal epithelial cells whereas GLUT-
1 is present at the apical membrane of the same cells.

An early study revealed an increase in the quantity of GLUT-1 in cells infected by the
guinea pig adapted strain C. caviae (Ojcius et al, 1998). In the context of C. trachomatis
infection, GLUT-1 increase was demonstrated initially by Siegl and collaborators and recently
confirmed, with an expression dependent on HIF-1a presence, a transcription factor known to
regulate GLUT-1 transcription (Siegl et al, 2014; Shima et al, 2018; Wang et al, 2017). Wang
et al revealed that only GLUT-1 and GLUT-3 were upregulated at the transcriptional level in
HeLa cells, but none of the other 11 potential glucose transporters. This upregulation was
confirmed at the protein level by Western Blot. When bacteria were inoculated on cells in which
either GLUT-1 or GLUT-3 had been silenced with siRNA, a two-fold reduction in bacterial
progeny was observed, supporting the hypothesis that increased glucose import is important to
sustain bacterial development.

GLUT transporters have a reversible activity. Once the glucose is imported in the cell,
a phosphorylation step is needed to trap it intracellularly. The expression of hexokinase II
increases during C. trachomatis infection through the activation of a PDPK1-MYC axis, and
active hexokinase II remains associated to mitochondria (Al-Zeer et al, 2017). Glucose-6-P is

thus efficiently trapped inside the cell and can be used by the cell itself or by the bacteria.
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2. Modification of the use of glucose.

A drastic change in the infected-cell metabolism is required to meet the needs of
multiplying Chlamydia and supply the growing inclusion with many metabolites including
lipids, amino acids, sugars, and more importantly nucleotides. As discussed above, several
features of Chlamydia infected cells suggest that these cells undergo a switch to aerobic

glycolysis, similar to what is observed in cancer cells.

a. Aerobic glycolysis.

Cells undergoing rapid proliferation such as activated lymphocytes or cancer cells use
a different metabolism called aerobic glycolysis, also referred to as the Warburg effect as it was
described for the first time in the 1920s by Otto Warburg (Hedeskov, 1968; Warburg, 1956).
Classically, cells in aerobic conditions mainly produce ATP through OxPhos in the
mitochondria with pyruvate, produced after glycolysis, that is converted into acetyl-CoA and
enters the TCA cycle (figure 11 and 12). In aerobic glycolysis, cells mainly produce ATP by
substrate level phosphorylation during glycolysis and then produce lactate from pyruvate by
fermentation in order to regenerate the redox coenzymes. This aerobic glycolysis functions with
an increase in the expression on GLUT transporters and key enzymes of the glycolysis and
lactate production in order to generate enough ATP. It is important to note that this metabolism
is not accompanied by defective mitochondria or mitochondrial respiration: proliferating cells
have a normal or even a bit higher mitochondria generation of ATP, but the main part of ATP

comes from glycolysis which is highly upregulated (figure 16) (Zu and Guppy, 2004).

This shift in metabolism may appear to have some advantages, but none is completely
obvious (figure 16):
- The incomplete oxidation of glucose into lactate occurs much faster than the complete
oxidation of glucose (10 to 100 times faster) allowing for a greater production of ATP in
conditions where glucose is non-limiting (Shestov et a/, 2014). This could be required to meet
a higher energy demand in fast dividing cells. However, it can be argued that the amount of
ATP required for cell growth and division is not different (if not less important) than that of
non-dividing cells for their maintenance (Locasale and Cantley, 2011).
- The increased uptake of glucose is used for an increased biosynthesis of metabolites such as

nucleotides, necessary for cell replication. But lactate excretion in the medium is a hallmark of
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this metabolism, suggesting that biosynthesis of metabolites is not so prominent (Lunt and
Vander Heiden, 2011).

- The active glycolysis and secretion of lactate induces an acidification of the surrounding media
that may be an advantage for cancer cells and helps defining the tumor microenvironment along
with orientating the immune response towards a pro-tumor immunity. This advantage is
irrelevant in non-tumorigenic contexts in which high glycolysis is observed such as
lymphocytes or yeast multiplication (Colegio et al, 2014). However, in the context of an
epithelial infection, it may regain relevancy considering the competition for metabolites with
the surrounding microbiota.

- The aerobic glycolysis induces modifications in cell signaling particularly in the redox
homeostasis and histone acetylation since acetyl-CoA is the substrate for this modification (Cai
et al,2011; Cai and Tu, 2011; Hamanaka and Chandel, 2011). Histone acetylation for example

may in return be enough to drive cells into the growth phase (Lu and Thompson, 2012).
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Figure 16: Representation of the main differences between aerobic glycolysis and normal complete
oxidation of glucose in mammalian cells

Under normal conditions (A), glucose is imported inside the cell and goes through glycolysis, TCA
cycle and OxPhos, producing ATP mainly by mitochondrial respiration. Cells undergoing aerobic
glycolysis (B) have an increased uptake of glucose that is mainly partially oxidized in the glycolysis,
producing a lot of ATP through phosphorylation substrate-level. TCA cycle and OxPhos are still
functioning but not enough to regenerate the cofactors and oxidize the pyruvate produced, which is
converted into lactate and can serve for metabolite anabolism, along with other glycolytic intermediates.
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b. Aerobic glycolysis in Chlamydia-infected cells.

The question of the metabolic modifications occurring on the host cell during
Chlamydia infection has been addressed very recently with an siRNA screen against the host
transcriptome. Several of the selected siRNAs that impacted Chlamydia development targeted
genes involved in energetic metabolism. Using gas chromatography coupled with mass
spectrometry, Rother and collaborators performed a profiling of many metabolites and their
results supported the hypothesis that infected cells had increased aerobic glycolysis (Rother et
al, 2018). Notably, the levels of pyruvate and lactate were strongly elevated during infection,
indicating a strong glycolysis along with less TCA cycle in the mitochondria. However, one
important limit of this study is that metabolites of host and bacterial origin were not separated.
Even at the earliest point examined, 18 hours post infection, the bacterial metabolism likely
makes a significant contribution to the generation of these metabolites. Interestingly, the
elevated levels of TCA cycle intermediates and glutamate revealed that mitochondrial function
and ATP production were still very active. This cycle may be fed by other metabolic sources
than the acetyl-CoA produced from pyruvate, such as glutamate taken up from the extracellular
environment. Along with these changes, an increase in the import of essential amino acids and
the production of metabolites from nucleotide biosynthesis, particularly purine biosynthesis,
were observed, suggesting a full rerouting of the host cell metabolite production and transport

towards aerobic glycolysis, in order to meet bacterial multiplication requirements.

Given that C. trachomatis depends entirely on its host cell for nucleotide production, it
was probably expected that a blockage of either the pentose phosphate pathway by siRNA
against GO6PD (first and rate-limiting enzyme of this pathway that produces ribose-6-P, the
precursor for purine biogenesis), or the purine de novo biogenesis by siRNA or chemical agents
induced a strong decrease in the bacterial progeny both in vitro and in vivo (Prusty et al, 2012;
Rother et al, 2018; Siegl et al, 2014).

An essential question raised by those observations is how this profound modification is
orchestrated. Regulation occurs both at the transcriptional and enzymatic level. The protein p53
was identified as one of the factors involved in this drastic change. In normal conditions, p53
presence inhibits the G6PD activity by direct binding to this protein, preventing its activating
dimerization (Jiang et la, 2011). C. trachomatis infection of human cells induces a
downregulation of p53 by activation of the phosphoinositide-3-kinase (PI3K)/Akt/HDM2

(human form of murine double minute 2) leading to p53 proteasomal degradation. This process
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is essential for the bacterial development since p53 stabilization results in a loss of bacterial
infectivity and a persistent state (Siegl et al, 2014). Moreover, the effect of p53 stabilization on
Chlamydia development was reverted by overexpressing G6PD, indicating a major role of the
PPP in p53 effect (figure 17). In addition to providing metabolites and precursors for nucleotide
biogenesis and reduced cofactor NADPH used for lipid synthesis and other biosynthetic
pathways, the NADPH is also important for handling the oxidative stress and ROS production
happening during C. trachomatis infection (Chumduri et al, 2013).

Cell submitted to an oxidative stress Chlamydia-infected cell

&

DNArepalr / °  Proteasomal l DNAIEpalr

degradation

DUUD

Cell cycle arrest
Apoptosis

Cell survival

Figure 17: p53 degradation induced by Chlamydia infection modifies the normal cellular response
against oxidative stress and favors bacterial growth through expression of the glucose-6-
phosphate dehydrogenase (G6PDH)

The physiological reaction of a cell against ROS formation under oxidative stress leads to the
stabilization of p53. This stabilization among others results in a downregulation of the expression of the
GOPDH and cell cycle arrest, to allow DNA repair. Chlamydia trachomatis infection leads to the
formation of ROS inside the cell but not the accumulation of p53. The activation of the PI3K pathway
and the p53-E3 ligase HDM2 leads to p53 ubiquitination and proteasomal degradation. The continuous
expression of the GOPDH, along with an active pentose phosphate pathway, allows for the production
of NADPH,H" essential for the reduction of antioxidants molecules such as thioredoxin and biogenesis
of lipids and nucleotides, essential for the bacteria. Inspired by Siegl et al, 2014.

Other factors than p53 must be involved in the reprogramming of cellular metabolism
during C. trachomatis infection towards an aerobic glycolysis metabolism but are yet to be
found. In cancer cells, different pathways have been discovered at the basis of the Warburg
effect, depending on the cancer type, for example Myc, Akt, Kras or HIF-1 (Hay, 2016;). We
focused during this work on one enzyme that has been implicated in metabolic reprogramming

in mammary epithelial cells, the transglutaminase 2 (Kumar et al 2014).

47



III. The Tissue Transglutaminase, a cellular enzyme.

In 1957, Sarkar and collaborators demonstrated that the soluble protein fraction of livers
isolated from different rodents triggered the incorporation of “C radiolabeled amines into
proteins. This enzymatic activity was only detected in presence of the cofactor Ca?*. This study
provided the first description of the transglutaminase activity catalyzed by the tissue

transglutaminase, also known as transglutaminase 2 (TG2) (Sarkar et al, 1957).
A. TG2, a member of the transglutaminase family.

1. The transglutaminase family.

Transglutaminases are widespread in nature and are found in bacteria such as
Streptoverticillium mobaraense (Ando et al, 1989), plant tissues (Falcone et al, 1993),
invertebrates (Tokunaga et al, 1993) and vertebrates (Yasueda et al, 1994). Mammalian
transglutaminases, and more recently microbial and plant transglutaminases, are being studied
a lot in the agroindustry for food production, including conservation as well as rheological
properties of the goods (Kieliszek and Misiewicz, 2014). Their name arises from their
enzymatic activity catalyzing the reaction between a specific glutamine residue of a protein and
the primary amine residue of another molecule (detailed below) or water (less often).

The mammalian transglutaminase family encompasses nine members, with one member
catalytically inactive, presented in Table 1. All the enzymatically active transglutaminases share
a conserved catalytic triad of Cys-His-Asp (Cys277-His335-Asp358 for TG2) (Lorand and
Graham, 2003). The tissue-specific expression of the transglutaminases and their subcellular
localization vary depending on the enzyme. TG2 is the only known transglutaminase to be
expressed ubiquitously in all cell types and localized in many cellular compartments: cytosol,
nucleus, mitochondria, extracellular matrix (ECM), plasma membrane (on the inner and outer
sides), recycling vesicles, and within the endoplasmic reticulum (Balklava et a/, 2002; Janiak
et al, 2006; Krasnikov et al, 2005; Lesort et al, 1998; Piacentini et al, 2014; Zemskov et al,
2011). Functions and targets have been identified in the different compartments and will be

discussed in details below.

48



Table 1: The mammalian transglutaminase family

Transglutaminase| Other Name Gene Function Size aa (kDa) Location
Factor Xill FlbrlnFES“t:?::hzmg F13A1 | Blood clotting and wound healing 732 (83) Cytosol, extracellular
Band 4.2 Erythrocyte | epBa2 Structural proteln.ln er\./t‘hrocyte, ol oo (72) plasma membrane
Membrane Protein enzymatic activity
TG1 KeratlnocY‘te TGM1 Cornified envelopt.e assembly n 814 (90) Cytosol, plasma membrane
Transglutaminase surface epithelia
162 TISSUE‘ TGM2 Cell dea'fh/chfferenaatlon: adh}esuon, 686 (80) Cytosol, nucleus, plasma membrane,
Transglutaminase matrix assembly, cell signaling cell surface, extracellular
163 Epldermél T6M3 Cornified enveloptla assembly in 692 (77) Cytosol
Transglutaminase surface epithelia
TG4 Prostatg TGM4 Semen coagulation in rodents 683 (77) Unknown
Transglutaminase
TGS TG X TGM5 epidermal differenciation 719 (81) Nuclear matrix, cytoskeleton
TG6 TGY TGM6 unknown 625 (71) Unknown
TG7 TG Z TGM7 unknown 710 (80) Unknown

Mice knockout for TG2 have been obtained and are viable with no major developmental
or organ abnormalities (De Laurenzi and Melino, 2001). However, it is very likely that other
transglutaminases are expressed to compensate for TG2 absence. Even with this limitation,
knockout mice have been very valuable over the years to assess the importance of TG2 in the
development of diseases such as neurodegenerative diseases, celiac disease, cancer, fibrosis,

etc.
2. The transaminase reaction.

The reaction catalyzed by transglutaminases always involves the glutamine residue of a
protein called acceptor, but the donor part can vary, resulting in different modifications of the
glutamine. The reaction takes place in two steps. The first one consists in the nucleophilic
addition of the sulfur atom present on the active cysteine residue of the catalytic site of the
enzyme to the carbon on the amide group of the y-glutaminyl residue from the acceptor protein.
This step results in the formation of a thioester bond linking covalently the enzyme and the
substrate protein in an acyl-enzyme intermediate, with the release of ammonium. In a second
step, the acylated enzyme can react either with an amine donor or with a water molecule if no
suitable donor is present. The latter case results in the conversion of a glutamine to a glutamic
acid residue (deamidation). The amine donor reacting on the acyl-enzyme intermediate can be
the e-lysine from the same protein bearing the y-glutaminyl residue, thus creating an intra-
protein covalent bound, or from another protein, creating an inter-protein covalent bound. The
amine donor can also be a small molecule amine present in the cell such as serotonin, histamine,
spermine, etc, resulting in a post-translational modification of the protein (Lorand and Graham,

2003). This last possibility has been exploited since many years to track the transglutaminase
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activity with artificial biotinylated or radiolabeled polyamine substrates (Folk, 1980; Slaughter
et al, 1992). It was initially thought that small amines, which are abundant in cells, acted solely
as natural inhibitors of transglutaminases. However, the beginning of the twenty-first century
brought convincing evidence that the serotonylation of small GTPases by TG2 was essential
for cytoskeletal rearrangements and exocytosis of platelet granules, implicating that the reaction

with small amines could be functionally relevant (Walther et al, 2003).
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Figure 18: The transaminase reactions catalyzed by TG2

First TG2 reacts with the glutamine (Gln) residue of a protein (blue oval) that leads to the formation of
an acyl-enzyme intermediate. In presence of water, the acyl-enzyme is hydrolyzed leading to the
formation of a glutamic acid residue (Glu) and a deamidation of the initial glutamine (A). The reaction
can also happen between the acyl enzyme and a lysine residue (Lys) of another protein or the same
protein (purple oval), generating an inter or intra-protein cross-link respectively (B). Finally, small
amines (green hexagone) present in the cell can also react on the acyl-enzyme intermediate, leading to
the post-transational modification of the target protein (C). This last reaction can be used as a readout
of TG2 activity in the cell by adding in the culture medium coupounds such as the biotin pentylamine
(BP), that covalently tag the glutamine residue(s) of the proteins targetted by TG2 (C’).
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Over the years, many substrates have been developed to track the transamidating activity
of transglutaminases, and to detect either the glutamine donor substrate, using for instance
biotin pentylamine (BP) as primary amine, or the lysine donor substrate using the T26 peptide
(see figure 18) (Lee ef al, 1988; Sugimora et al, 2006). The specificity for the y-glutaminyl and
e-lysine residue is primarily dictated by secondary and tertiary structure (accessibility of the
residue to the enzyme). Phage display and bioinformatics approaches have identified primary
sequences around the y-glutaminyl residue that are favored by TG2 or the Factor XlIlla
(Coussons et al, 1992; Keresztessy et al, 2006; Sugimura et al, 2006). Many substrates have
been identified and are listed in the TRANSDAB database (CsOszet al/, 2009). For TG2
transamidating activity alone, more than 150 substrates have been identified. In most cases the
identified substrate is the glutamine-donor, but a few substrates providing the e-lysine were also
identified.

The deamidation reaction using water as a nucleophile is favored in conditions with low
enzyme concentration, low amine concentrations, and low pH (Stamnaes et al, 2008). In the
case of TG2, pathological consequences of deamidation have been identified in a few cases
such as the modification of the gliadin from wheat, which constitutes the ground of the
pathogenesis in celiac disease, or the deamidation of the GIn6 in the neuropeptide substance P,
increasing its agonist potency towards its natural receptor (Fornelli et al, 2011; Shan et al,
2002). More recently a deamidation of several glutamine residues of GAPDH was shown to
promote trophoblastic carcinoma cell fusion. GAPDH deamidation might modify its
electrostatic interaction with the actin cytoskeleton, thereby promoting the formation of the
syncytiotrophoblast in the placenta (Iwai et al, 2014).

Although the transamidating activity of TG2 is the best described and studied, this

enzyme possesses also other enzymatic and non-enzymatic functions.
3. Other enzymatic functions of TG2.

TG2 presents four other enzymatic activities in addition to the transamidating activity:
a GTPase activity, an ATPase activity, a protein disulfide isomerase activity and a protein

kinase activity.

a. GTPase activity.

The GTPase and GTP binding ability of TG2 was discovered in 1987. At that time, the
non-classical G protein identified, called Gha because of its unusually heavy molecular weight,

was thought to be a new protein. It is only later on that it was realized that Gha and TG2 were
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the same protein (Achyuthan and Greenberg, 1987; Nakaoka et al, 1994). Like classical
heterotrimeric G proteins, TG2 can be associated with a G-protein coupled receptor (GPCR)
like the a.1p adrenergic receptor or the thromboxane A2 receptor (Baek et al, 1992; Vezza et al,
1999). Agonist binding to its receptor induces both a replacement of the GDP bound to TG2 to
a GTP and the dissociation of TG2 from its inhibitory Ghf3 also known as calreticulin, activating
downstream signaling pathway through phospholipase C 81 (PLC61) (Feng et al, 1999;
Mhaouty-Kodja, 2004). Deactivation occurs when the intrinsic but low GTPase activity of TG2
hydrolyzes GTP into GDP, leading to the re-association with calreticulin and with the GPCR.
Despite significant progresses in understanding TG2 GTPase activity, the physiological roles

of the intracellular signaling downstream of this activity are poorly understood.

b. ATPase activity.

The ATPase activity of TG2 is localized in the same domain as the GTPase activity
(lismaa et al, 1997). The demonstration that ATP was a source of phosphate for mineralization
of the bone matrix in an osteoblast culture, and that the ATPase activity of extracellular TG2
was probably involved since cysteine, an inhibitor of TG2, diminished mineralization brought
the first, and so far only, physiological function for this activity (Nakano ef a/, 2007). The same
group later confirmed the involvement of TG2 by showing that TG2 ATPase activity was
enhanced after a cleavage of the protein in the ECM, controlled by the membrane-type matrix
metalloproteinase-1 (MT1-MMP). The activation of MT1-MMP would lead to the cleavage of
TG2, activation of its ATPase activity and increased mineralization of the bone matrix (Nakano

et al,2010).

c. Protein disulfide isomerase (PDI) activity.

The PDI activity consists in catalyzing the formation, breakup and exchange of disulfide
bounds on cysteine residues of proteins. TG2 has a relatively low PDI activity, initially
described in vitro (Hasegawa et al, 2003). Evidences for the importance of this activity in vivo
came from the comparison of TG2 knock-out (KO) mice with wild type (WT) mice. TG2 KO
mice have defaults in the mitochondrial respiratory chain, resulting in lower ATP production,
potentially due to lacks in disulfide bonds in several complexes of the respiratory chain
(Mastroberardino et al/, 2006). This activity would also be important for regulating the activity
of the mitochondrial ADP/ATP transporter adenine nucleotide translocator 1 (ANT1) by
regulating its oligomerization state (Malorni et al, 2009). Very recently, the first evidence of

the existence of the PDI activity outside from the mitochondria was published, with TG2
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exerting the PDI activity in the nucleus of cells on heat shock factor 1 (HSF1), triggering the
trimerization and activation of this transcription factor (Rossin ef al, 2018). A mutant lacking
only this enzymatic activity would be important to dig further into the functions of this PDI

activity.

d. Protein kinase activity.

The ability of TG2 to add a phosphate from ATP onto serine or threonine residues of
proteins was identified first in 2004 with the phosphorylation of the insulin-like growth factor-
binding protein-3 (IGFBP-3). Enzymatic characteristics were similar to those of other cellular
kinases (Mishra and Murphy, 2004). The same group later presented evidences for a
phosphorylation of p53, RB1 and the histones H1 and H3, in the nucleus (Mishra and Murphy,
2006; Mishra et al, 2006; Mishra et al, 2007). This phosphorylation would impact gene
expression and the anti-apoptotic balance (for p53). Recently, using an on-ship kinase assay,
several potential targets of TG2 kinase activity in the cytoplasm, nucleus and ECM, were
identified. Confirmation that these events occur and have a function, in vivo, is still needed

(Jung et al, 2016).
B. Regulation of TG2 transglutaminase activity.

A lot of work has been devoted to the study of the regulation of TG2 activity. We will
focus in this part on the regulations that are likely to happen in epithelial cells, which is the

cellular model used in our study.
1. Genetic regulation.

Although TG2 is expressed in all tissues, its abundance varies a lot in the different cell
types that constitute the human body. The greatest part of the regulation is done at the
transcriptional level. The transcription of 7GM2 gene encoding TG2 is regulated both
epigenetically and transcriptionally.

The proximal promoter of TGM?2 is composed of three GpC-rich domains that can be
methylated. The methylation status of these regions controls the expression of 7GM2: a
hypermethylation observed in lymphocytes or monocytes correlates with constitutive absence
of TG2 expression whereas a lack of methylation or a demethylation of these regions correlates

with an expression of the gene (Cacciamani et a/, 2002; Lu and Davis, 1997).
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Figure 19: schematic view of TG2 protein level regulation

TG2 protein level is modulated at different levels: transcription (regulated by several external stimuli),
mRNA (alternative splicing) and protein stability. This regulation is also cell-type dependent (not
represented here).

Retinoic acid has been the first factor shown to control 7GM?2 expression, initially in
myeloid cells, but also in neuroblastoma cells, and epithelial cells such as HeLa and bronchial
cells (Mehta et al, 1985; Moore et al, 1984; Piacentini et al, 1991; Vollberg et al, 1992). This

transcription control is mediated by a retinoid response element (RRE) present upstream from
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the 7TGM2 promoter, around 1.7 kb (Nagy et al, 1996). Linked to the retinoic acid control of
TGM? transcription in myeloid cells, an epigenetic priming of the chromatin upstream from the
TGM?2 promoter was shown by Balint and collaborators, increasing the accessibility of the RRE.
The factors triggering the increase in methylation of Arg3 in histone H4 and the decrease in
methylation of Lys4 in histone H3, which constitute this priming step, are unknown (Balint et
al, 2005).

Inflammatory cytokines have also been reported has inducers of 7GM?2 transcription:
interleukin-1f (IL-1p) in astrocytes, tumor necrosis factor-o. (TNF-a) in liver cells, interferon-
v (IFN-y) in intestinal cells, IL-8 in chondrocytes, etc (Kim et al, 2002; Kuncio et al, 1998;
Merz et al, 2003; Monsonego et al, 1997; Suto et al, 1993). Other inflammatory stimuli such
as bacterial lipopolysaccharide (LPS) have the same effect (Ghanta et a/, 2011). This induction
is controlled by the activation of the nuclear factor kappa B (NFkB) that directly binds an NFxB
motif around 1.3 kb upstream from the transcription start site (Mirza et al, 1997). Apart from
the activation of NFxB during an inflammatory response, studies have demonstrated the
importance of this pathway for activating 7GM?2 transcription in a number of cancer cells (Cao
and Huang, 2016; Mehta et al, 2010). This activation may require the interaction of NFxB with
the metastatic tumor antigen 1 (MTA1), a master chromatin modifier, at least in LPS-stimulated
macrophages (Ghanta ef al, 2011).

HIF-1 is another inducer of TGM?2 expression under hypoxic conditions, due to a
hypoxia response element (HRE) in TGM2 promoter. An inhibition of TG2 in hypoxic cells
sensitized them to apoptosis, indicating a protective role for the induction of 7GM?2 in this
context (Jang et al, 2010). The epidermal growth factor (EGF) also strongly increases 7TGM?2
transcription in various cell types and in pathological contexts such as tumorigenesis and
metastasis through a yet unknown pathway (Antonyak et al, 2009; Zemskov et al, 2012).

Other modulators of TGM2 expression have been identified with a more complex role,
depending on the cell type. For example, the transforming growth factor § (TGFf) pathway
identified thirty years ago acting on a TGFf} response element activated by TGFB1, TGF(2 or
bone morphogenetic proteins 2 or 4 (BMP2 or 4) can either activate or inhibit 7TGM2
transcription (George et al, 1990; Ritter and Davies, 1998). TGFB1 increases TGM2
transcription in fibroblasts and other cell types whereas it inhibits it in non-transformed
epithelial cells (Kumar ef al, 2010; Quang et al, 2005; Welge-Liissenet al, 2000). In contrast,
the oncogenic protein H-Ras induces the expression of TGM?2 in epithelium-derived cells but

blocks it in fibroblasts (Akimov and Belkin, 2003; Antonyak et al, 2009).
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The regulation of 7TGM?2 gene expression is thus very complex, integrating several
external signals, in a cell type-dependent manner. The dysregulation of this transcriptional

control is often involved in the development of pathologies such as cancer or tissue fibrosis.
2. Protein isoforms and stability control.

Variants of the canonical TG2 (= 75 kDa) have been observed in certain cell types such
as neurons, leukocytes or endothelial cells, arising from alternative splicing of the mRNA
(Citron et al, 2002; Lai et al, 2007). Those variants (four identified so far) are shorter versions
of the canonical TG2 and show a generally higher transamidating capacity (Fraij et al, 1992;
Fraij and Gonzales, 1996; Lai ef al, 2007). The pathways controlling this alternative splicing
are completely unknown, however it is becoming clear that the isoforms play different roles
and some hints on the regulation of their expression are beginning to emerge. For example, a
shorter isoform of TG2 is induced in rat brain astrocytes by cytokine treatments in culture
(Monsonego et al, 1996). Relevance of this short isoform was confirmed in vivo after spinal
cord injury in rat brains. In this model, the transient appearance of a short isoform of TG2 with
an increased transamidating activity correlated with an induction of apoptosis (Festoff et al,
2002). The direct involvement of the short isoform in the induction of apoptosis was
demonstrated four years later (Antonyak et al, 2006). This same shorter isoform was reported
to be expressed and correlating with neuronal loss in neurodegenerative diseases such as
Alzheimer’s or Parkinson’s disease (Citron et al, 2002). More recently, a team tried to gain a
more in-depth comprehension of the alternative splicing phenomenon by reverse transcription
followed by a quantitative polymerase chain reaction (RT-qPCR) on RNA extracts from
different normal tissue cells and cancer cell lines. This study allowed to firmly confirm that
TGM? splicing is cell type-dependent. In cancer cells, splicing can differ from the one observed
in the original, non-transformed, organ, indicating an adaptive process in this pathological
condition (Phatak et al, 2013).

Little is known regarding the stability of TG2. As for many proteins ubiquitination of
TG2 leads to its proteasomal degradation. Ubiquitination of TG2 is down-regulated by
interferon alpha (IFNa) in lung carcinoma cells and up-regulated in cells exposed to a high
level of oxidative stress in the presence of high calcium concentration (Esposito et al, 2003;
Jeong et al, 2009). One E3 ligase, carboxy-terminus of Hsp70-interacting protein (CHIP) was
recently shown to promote polyubiquitination of TG2 and its subsequent proteasomal

degradation in renal cancer cells (Min et a/, 2016). This TG2-mediated degradation decreases
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the angiogenesis at the renal tumor site and the tumor growth itself. In addition, TG2
phosphorylation by phosphatase and tensin homolog (PTEN)-induced putative serine-threonine
kinase 1 (PINKI1) has been described as preventing TG2 from ubiquitination and subsequent
proteasomal degradation, complexifying further the regulation of TG2 stability (Min et al,
2015).

The SUMOylation (SUMO — small ubiquitin-like modifier) of TG2 by protein inhibitor
of activated STAT-y (PIAS- y) in bronchial epithelial cells expressing a deficient cystic fibrosis
transmembrane conductance regulator (CFTR), and in mice with cystic fibrosis, was able to
reduce TG2 ubiquitination thus stabilizing the protein and increasing the oxidative stress and

inflammation in this respiratory disease (Luciani ef al/, 2009).
3. Allosteric and conformational regulation.

At steady state TG2 is thought to be in a closed conformation with the catalytic
transamidating site hidden by two B-barrel domains, preventing any transamidation activity
(Casadio et al, 1999; Pinkaset al, 2007). The close state is stabilized by the cytosolic
concentration of free GDP/GTP that binds the enzyme, and the low Ca?* concentration (Mariani
et al, 2000). Increase in Ca?" concentration and its binding to TG2 elicits a strong
conformational change in the enzyme leading to its open conformation in which the active site
catalyzing transamidation is accessible to substrates (see figure 20). Given the Ca**
concentrations required to induce this conformational change, it is quite clear that without
external stimuli or stresses, the transamidating function of TG2 is inactive inside the cytoplasm
(Kiralyet al, 2011). In the ECM the high concentration of calcium ions and the really low
concentration of GDP/GTP bring TG2 in its open conformation. However, the transamidating
activity is normally inhibited, because of the oxidative conditions, by the formation of a
disulfide bond (Stamnaes ef a/, 2010). An extracellular reducing enzyme such as thioredoxin-1
secreted by macrophages upon pro-inflammatory stimuli for example can reduce this disulfide
bond and activate extracellular pools of TG2 (Plugis et al, 2017). Thus, at steady state, both
intracellular and extracellular TG2 are inactive for the transamidating activity. Of note, recent,
biophysics experiments pointed towards a dimerization of TG2 mediated by its C-terminal
domain, that would be necessary for the protein to gain its open conformation (Kim et a/, 2017;

Stamnaes et al, 2015).
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Figure 20: Conformational regulation of TG2 transamidating activity

(A) TG2 is composed of 4 domains with different functions.

(B) At steady-state, TG2 inside the cell is in a closed, catalytically inactive, conformation, because of
the strong concentration of GTP/GDP and the low concentration of calcium. In this conformation TG2
can interact with partners and play a part in regulating cell signaling. Upon a strong influx of calcium,
TG2 binds calcium ions instead of GTP and moves to its opened, catalytically active, conformation.
However, under oxidative conditions such as the ones happening in the extracellular medium, even in
presence of calcium (open conformation), TG2 is catalytically inactive because of intracellular disulfide
bonds created between cysteine residues. TG2-inactivation by NO is not depicted here. From Eckert et
al, 2015.

Other modifications and molecules have been identified that modulate the
transamidating activity of TG2. S-nitrosylation of several cysteine residues by nitric oxide (NO)
inhibits TG2 activity. This is particularly relevant in the vasculature where the diminution of
NO bioavailability leads to an increase of TG2 crosslinking activity on the ECM components
and thereby to a stiffening of blood vessels during the aging process (Jung et al, 2013;
Santhanam et al, 2010). Recently this modification was shown to also happen intracellularly,
in cardiomyocytes, regulating their contractility through mitochondrial ATP production control
in normal and pathological conditions (Jeong et al, 2018). Phosphorylation is another

posttranslational modification known to modulate TG2 activity: phosphorylation by the protein
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kinase A (PKA) on the Ser216 inhibits the transamidating activity of TG2 while increasing its
kinase activity, in response to different cellular stimulations (Mishra and Murphy, 2006; Mishra
et al,2007).

The interaction between TG2 and certain lipids has been shown to favor TG2
transamidating  activity, particularly with the sphingosine-phosphorylcholine, a
sphingophospholipid present in very scarce amounts in biological membranes (Lai ef al/, 1997,
Nemes et al, 2009). The mechanism of TG2 increased activity in such conditions remains
unknown, along with its biological relevance. One might speculate that TG2 recruitment at
membranes (plasma membrane or endomembranes) may provoke a conformational change of
the protein, or bring it in close proximity to calcium-rich compartments allowing for its local
activation.

Finally, the interaction between TG2 and other proteins is also able to modulate its
transamidating activity. For instance, in the ECM an interaction between TG2 and syndecan-4
enhances its transamidating activity (Scarpellini et al, 2009). However, even though many
evidences indicate that TG2 transamidating activity can be regulated by other proteins,
following EGF or retinoids stimulation in particular, no clear binding partner has been identified
yet (Antonyak et al, 2009; Singh and Cerione, 1996).

Given the importance of TG2 in the development of many pathologies, inhibitors of the
transamidating activity of TG2 have been developed and tested in vitro, in vivo, in cell culture,
but also in animals for some of them. Historically, cystamine, spermine and other small amines
that are competitive inhibitors of the reaction catalyzed by transglutaminases have been used
but given their non-specificity for TG2 and their other possible biological effects on treated
cells, more specific inhibitors have been designed (Birckbichler et al, 1981; Folk et al, 1980;
Keillor et al, 2015). For example, CP4d, a reversible inhibitor, was shown to trap TG2 in a
closed conformation. It is specific of TG2 since it doesn’t inhibit TG1, TG3 nor Factor XIlla
(Pardin et al, 2008; Caron et al, 2012).

4. Spatial distribution and its regulation.

TG2 is classically mostly present in the cytosol where the activation of its
transamidating activity is caused upon an external stimulus (stress, chemokine, growth factor,
etc) as described above (figure 21).

External stimuli such as retinoids or a strong calcium influx in the cytosol can also lead

to the translocation of the protein into the nucleus (Balajthy et al, 2006; Lesort et al, 1998). A
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nuclear localization signal (NLS) and a nuclear export signal (NES) have been identified in
TG2 (Shrestha et al, 2015). Importin-a3 seems to be involved in its transfer towards the nuclear
compartment and exportin-1 in its export (Peng et al, 1999; Shrestha et al, 2015). A compound,
phenosafranin, has been recently identified as a specific inhibitor of TG2 nuclear localization
(Furutani et al, 2017). Understanding how this compound works may shed light on the
mechanisms of TG2 cytosol-nucleus shuttling and its control. It will also be an important tool
to understand the physiological roles of TG2 activity in the nucleus.

Secretion of TG2 by cells is thought to be a general and constitutive mechanism,
allowing the association of this protein to the outer leaflet of the plasma membrane or to the
ECM, where it plays crucial physiological and pathological roles especially in ECM stability,
cell migration, and adhesion. Since TG2 lacks a classical signal peptide, its secretion falls into
the “unconventional secretion” mechanisms -a phenomenon also observed for other proteins
such as IL-1B (Malhotra, 2013). This mechanism has remained a mystery for a long time and
only started being unraveled in the last decade. Instead of going through the classic secretory
pathway involving the ER and the Golgi apparatus and accompanied by N- and/or O-linked
glycosylation, TG2 is loaded, by an unknown, phospholipid-dependent mechanism, in
perinuclear recycling endosomes also called multivesicular bodies (MVB) (Zemskov et al,
2011). Once in recycling endosomes, TG2 interacts with endocytosed integrins and is secreted
via a Rab11-dependent pathway at the plasma membrane (Zemskov et al, 2011). More recently,
TG2 was found to be associated with material known to be enriched in extracellular vesicles
called exosomes, whose extracellular release was stimulated by the TGF-1 in tubular kidney
epithelial cells (Furini et al, 2018). A similar phenomenon might occur in smooth muscle cells,
in which case the association of TG2 to exosomes appears to require TG2 transamidating
activity (van den Akker et al, 2012). In contrast, NO has an inhibitory effect on TG2 secretion
by endothelial cells by inducing the S-nitrosylation of N-ethylmaleimide sensitive factor (NSF),
a protein involved in the fusion of secretory vesicles with the plasma membrane (Santhanam et

al, 2011).
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Figure 21: Spatial distribution of TG2

TG2 is mainly present in the cytosol (1) but can shuttle towards the cell nucleus (2), the mitochondria
(3) or be associated with the plasma membrane (4). It is secreted and can be present associated to the
extracellular matrix (5) or the external leaflet of the plasma membrane (6). The mechanism of secretion
involves TG2 loading into multivesicular bodies (7) and TG2 turnover in the extracellular medium is
controlled by its recycling in endosomes (8). More recently, TG2 has been described in exosomes (9).

TG2 extracellular turn-over is controlled by its secretion but also by its internalization
and by its proteolysis in the extracellular space. The internalization of TG2 has been shown to
depend on its interaction with the low-density lipoprotein receptor-related protein 1. It is to
some extent regulated by TG2 interaction with components of the ECM that anchor the protein
in that environment and prevent its internalization (Zemskov et a/, 2007). Once internalized,
TG2 is degraded in the acidic endo-lysosomal compartment (Zemskov et al, 2007). Membrane-
type-matrix metalloproteinases (MT-MMPs) such as MT1-MMP, and their soluble counterparts
MMPs such as MMP2, have been described to degrade very efficiently TG2 in the extracellular
compartment, either associated with the plasma membrane or the ECM (Belkin et al, 2001
Belkin et al, 2004). Thrombospondin, an ECM protein, can prevent TG2 proteolytic
degradation by MMP2 (Agah et al, 2005). The activation of those proteases depends on external
stimuli such as pro-inflammatory stimuli, cytokines, proliferating or migrating factors and are
dysregulated in many cases of cancer especially during the epithelium-to-mesenchyme

transition (EMT) (Axelrad et al, 2004; Kim et al, 2007; Liu et al, 2017).

61



TG2 has been shown to be present in the mitochondria by electron microscopy and cell
fractionation, associated with the external membrane or present in the inter-membrane space
mainly, but also present in the inner membrane and the matrix to a lesser extent (5 to 10 %)
even though no classical N-terminal mitochondria-targeting signal is present on TG2 primary
sequence (Park et al, 2010; Piacentini et al, 2014). TG2 contains a BH3 domain, which might
be involved in TG2 tropism for mitochondria. The particular lipid composition of the inner
membrane, especially the presence of cardiolipin, may also contribute to this subcellular
localization (Zemskov et al, 2011). Localization of TG2 to mitochondria was proposed to
contribute to the control of apoptosis by interacting with and post-translationally modifying

pro-apoptotic members of the Bcl-2 family (Rodolfo ef al/, 2004).

Given its multiple enzymatic activities and localizations, TG2 is a strongly regulated
enzyme that plays critical roles in physiological processes but also many pathological

conditions.
C. Physiopathological importance of TG2.

1. TG2, a critical regulator of cell proliferation, migration and

differentiation.

a. Extracellular TG2, ECM regulation and outside-in signaling.

TG2 transamidating activity in the ECM has different functions that are important for
cell adhesion and migration. First, by generating highly ordered polymers with a longer half-
life time, TG2-modified ECM molecules such as collagen, fibronectin, or fibrillin-1 promote
integrin clustering at the cell surface and subsequent ouside-in signaling (Belkin et al, 2005;
Bowness et al, 1987; Fesus et al, 1986; Khew et al, 2010, Raghunath et al, 1996). Together
with the direct ability of TG2 to interact with integrins and syndecan-4 at the cell surface, and
fibronectin from the ECM, reinforcing this naturally weak interaction, the extracellular TG2
pull is crucially involved in the activation of the outside-in signaling cascade downstream of
the integrin receptors, stimulating cell migration and adhesion to the matrix (Akimov et al,
2000; Telci et al, 2008). Integrin clustering in interaction with fibronectin causes the activation
of focal adhesion kinase (FAK) and Src, increasing the intracellular pool of active GTP-bound
RhoA, leading to Rho-associated protein kinase (ROCK) activation and the formation of stress

fibers and focal adhesions (Janiak et a/, 2006). In a similar way, TG2 can also contribute to
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stimulating cell migration and proliferation by interacting and bringing together integrins and
growth factor receptors such as the platelet-derived growth factor receptor (PDGFR) (Zemskov
et al, 2009). Downstream signaling pathways also involve RhoA, activated by Shp2, and,
additionally, other pro-proliferative pathways such as the mitogen-activated protein kinase
(MAPK) pathway involving extracellular signal-regulated kinase (ERK) and Aktl pathway.
More generally, TG2 interaction with growth hormone receptors is important for pro-survival
and proliferation signal enhancement. This interaction can be non-covalent like with the
PDGFR, or it can involve TG2 transamidating activity, creating a high molecular weight
complex for example between TG2 and the vascular endothelial growth factor receptor

(VEGFR) (Dardik and Inbal, 2006).
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Figure 22: TG2-mediated adhesion and signaling at the cell surface

TG2 promotes the clustering of integrins, syndecans and elements from the extracellular matrix such as
fibronectin, resulting in an activation or a reinforcement of the integrin outside-in signaling, activating
cellular adhesion and migration through actin cytoskeleton remodeling by ROCK. Integrin and PDGFR
clustering by TG2 leads to cell migration and proliferation by activation of the MAPK pathway. Adapted
from Belkin, 2011.

In a more mechanical manner, the cross-linking of fibronectin, collagen or osteopontin
molecules contribute to the ECM stiffness and stability and thereby to better adhesion and
migration properties (Forsprecher et al, 2009; Higashikawa et al, 2007; Spurlin et al, 2009).

Finally, the cross-linking of osteopontin has been described as essential for demasking
cryptic interaction sites between osteopontin and the a9f31 integrins expressed by neutrophils,

process required for neutrophil migration in vitro and in vivo (Nishimichi et al, 2009, 2011).
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b. Intracellular TG2 also participates in migration and proliferation.

More directly, TG2 can be part of signaling cascades involved in cell migration and
proliferation. Intracellular TG2 transamidating activity induces the expression of MMP2 gene
transcription in ovarian cancer cells by activation of cAMP-response element-binding protein
(CREB) (Satpathy et al, 2009). MMP9 expression is also induced in lung cancer cells by active
TG2, under EGF stimulation, enhancing cell migration (Antonyak et al, 2009; Li et al, 2011).
More generally TG2 seems to be an effector of the EGF signaling pathway since it has been
described as located and active at the leading edge of migrating cells where it interacts with the

chaperone heat shock protein 70 (Hsp70) and is essential for migration (Boroughs et al, 2011).

c¢. TG2 and differentiation.

TG2 activity is important for the differentiation of many cell types such as keratinocytes,
neutrophils, neuron, and a key factor involved in the differentiation of mesenchymal stem cells
into chondrocytes, osteoblasts, myoblasts through its activity on cytoskeletal proteins like actin,
tubulin, vimentin, myosin (Balajthy et al, 2006; Bersten et al, 1983; Eckert et al, 2005; Esposito
and Caputo, 2005; Tucholski et al, 2001).

A particularly important pathway involved in the differentiation of intestinal epithelium
among others is the TGF-B1 pathway, which is intrinsically linked with the activity of TG2.
TG2 is essential for the deposition of latent TGF-B binding protein-1 (LTBP-1) in the ECM,
thereby controlling the local concentration of TGF-B1 (Verderio et al, 1999). Moreover, in
some cell types like fibroblasts, TG2 can increase the transcription of the TGF-f1 gene by
NF«B signaling (Szondy et al, 2003; Telci et al, 2009). In return, TGF-1 also activates TG2
transcription (see section II1.B.1.), resulting in a positive feedback loop. TGF-B1 secreted by
the pericryptal fibroblasts and neurons from the enteric nervous system is one of the most
critical growth factors involved in the differentiation of enterocytes, from the mesenchymal
phenotype in the crypt, towards an epithelial one while progressing along the crypt-villus axis
(Liao et al, 2013; Rathor et al, 2011; Puzan et al, 2018). TG2 plays thus a very important role

in the morphogenesis of the intestinal epithelium.

d. TG2 and epithelial-to-mesenchymal transition (EMT) in cancer.

Given the factors controlled by TG2 in many different cell types, it is not surprising that
dysregulations of its expression and/or transamidating activity are often described in metastatic

cancer cells (Kumar et al, 2011; Satpathy et al, 2007; Verma et al, 2006). The EMT is a
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hallmark of epithelial cell transformation, leading to a loss of adherence, migration and
metastasis formation. TG2 can activate signaling pathways in cancer cells leading to NFxB or
FAK/Akt activation which are able to drive the EMT (Kumar et a/, 2010; Shao et al, 2009;
Verma et al, 2008). For example, in ovarian tumor cells, the activation of TG2 transglutaminase
activity leads to the activation of NFkB that activates the transcription of zinc finger E-box-
binding homeobox 1 (Zebl), a transcriptional repressor that in turn represses the expression of
E-cadherin, a key step in the EMT (Shao et al, 2009). The activation of TG2 is caused at least
partially by the TGF-f1 signaling in those cells (Cao et al, 2012).

chronic inflammation,
TGF-p1,

Angiogenesis +—— @ —{ Warburg effect

Epithelial-to-mesenchymal
transition

| ! I }

Cell survival Cell growth Metastasis Drug resistance

Figure 23: Model for TG2-induced EMT and cancer evolution

Under different stimuli, the expression of TG2 is elevated, leading to the activation of NFkB and an

increased HIF-1a transcription. HIF-1a-expression modifies the cell metabolism (see part II) towards a
Warburg metabolism, induces angiogenesis and EMT. These modifications are cancer-driving events,
allowing for cell survival and growth, metastatic capacity and drug resistance.
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Moreover, it was demonstrated that microvesicles containing TG2 (but not TG2 alone)
derived from cancer cells in vitro were able to confer a transformed phenotype to epithelial cells
and fibroblasts, indicating the importance of TG2 in this phenotype (Antonyak et al/, 2011).

Finally, the overexpression and activation of TG2 in cancer cells is often associated with
resistance against treatments. For example glioblastoma, lung, breast cancer cells
overexpressing TG2 are resistant to anthracyclines (inhibitors of the type II topoisomerase
activity) used in cancer therapy such as doxorubicin (Dyer et al, 2011; Han and Park, 1999;
Mehta, 1994). This deregulation of TG2 expression can happen through an epigenetic
modification (hypermethylation of its promoter silencing its expression, or the opposite) but
can also be mediated by external stimuli present at the tumor site, particularly inflammatory

stimuli secreted locally (Dyer et al, 2011).
2. TG?2 and cellular response against several stresses.

a. Inflammation.

Many inflammatory cytokines such as IL-1, IL-6, TNF-a or IFN-y are able to induce
TG2 expression (see section III.B.1.). Moreover, in an inflammatory context created for
example by LPS-stimulation, 7TGM?2 is more transcribed (Ghanta ef al, 2011). The increase in
TGM?2 expression in those cases relies mostly on the activation of the NFkB pathway.

TG2 plays several roles during acute inflammation, depending on the cell type in which
it is expressed. It is important for leukocyte adhesion, extravasation and migration towards the
inflammation site, role mediated mainly by extracellular TG2 in interaction with integrins, as
described above. Monocytes differentiating into macrophages for example undergo increased
TGM?2 expression, leading to an enhanced activation of integrin signaling, actin cytoskeleton
rearrangements, and cell diapedesis and migration (Schnoor, 2015; Seiving et al, 1991; van
Strien et al, 2015). Extracellular TG2 is also important for macrophages efferocytosis —
clearance of apoptotic bodies — by regulating integrin outside-in signaling and leading to
cytoskeletal remodeling (Toth ef al, 2009). This role is involved in the limitation of the
atherosclerosis plaque progression by allowing their partial removal (Boisvert et al, 2006).

Associated with the inflammatory process, TG2 implication in ECM remodeling is also
important in wound healing and tissue repair, which tend to restore tissue stability and end the
inflammatory process. In injured tissues, TG2 production and secretion is induced by pro-
inflammatory stimuli and leads to ECM remodeling as described above. This in turns enhances

cell-adhesion through integrin-mediated signaling for tissue-resident cells and inhibits cell
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apoptosis (Vederio et al, 2003). TG2 implication in tissue repair can lead to TG2-mediated
tissue fibrosis, deleterious for the tissue function under chronic inflammation in the kidney,

cardiac muscle, lung, etc (Johnson et al, 2007; Olsen et al, 2011; Shinde et al, 2018).

The role of intracellular TG2 during the inflammatory process might not be limited to
its transamidating activity. TG2 interaction with NFkB has been described as an inflammatory
regulator. During acute inflammation, the canonical pathway for NFxB activation shows kB
kinase (IKK) activation, that phosphorylates inhibitor of kB a (IkxBa.), leading to its degradation
and the release of NFkB that then migrates towards the cell nucleus and activates the
transcription of a number of pro-inflammatory genes (see figure 24) (Yamamoto and Gaynor,
2004). During chronic inflammation, a non-canonical way of activating NFxB involving TG2-
mediated IkBa proteasomal degradation allowed by the interaction between these two proteins,
independent of TG2 transamidating activity, has been described (Kumar and Mehta, 2012).
Since NFxB is an inducer of TG2 expression, a positive feedback loop regulating TG2 and
NF«B activation seems to establish during chronic inflammation, allowing for the persistence
of NF«kB activation. This finding might also be relevant for tumor transformation, in which it
was proposed that a TG2/NFkB/HIF-1a axis promoted the expression of glucose transporter
GLUT1 (Kumar et al, 2014). The hypothesis that this axis was independent of the

transamidating activity of TG2 was not formally tested.

Among the pro-inflammatory activities of TG2 that require its transamidating activity
lies its ability to create an intramolecular cross-link in the secretory isoform of the
phospholipase A2 (sPLA2), increasing its catalytic activity and thereby enhancing the
production of pro-inflammatory eicosanoids (Curro et al, 2014; Hallstrand et al/, 2010). The
pro-inflammatory action of TG2 has also been revealed by an in vitro model of cystic fibrosis
in which lung cells expressing a functionally deficient cystic fibrosis transmembrane
conductance regulator (CFTR) were expressing high levels of TG2, creating cross-linked
peroxisome proliferator-activated receptor y (PPARY). Polyubiquitination and degradation of

PPARy induced an inflammatory response (Maiuri et a/, 2008; Pascual et al, 2005).
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Figure 24: NFkB activation under acute and chronic inflammation: TG2 as a key factor

Under acute inflammation, NFxB (p65-p50) is activated by a canonical pathway downstream of
pathogen recognition receptors (PRRs) or interleukin receptor signaling. This pathway involves the
phosphorylation then degradation of IxBa, allowing for the translocation of NFxB to the cell nucleus
and the activation of the transcription of target genes, including IxBa gene, in a negative feedback loop
(left panel).

Under chronic inflammation, the levels of intracellular TG2 allow for its interaction with IkBa and the
subsequent degradation of IkBa in a pathway independent from the proteasome. There might also be a
cross-linking of IxkBo by TG2-transamidating activity resulting in IkBo polymer proteasomal
degradation. TG2 binds to free NFxB both in the cytosolic and the nuclear compartment. TG2/NF-xB
complexes activate the transcription of a different subset of genes, including HIF-1a (right panel).

b. Other stresses.

Related to its contribution to inflammation during cystic fibrosis, TG2 transamidating
activity is an inhibitor of cellular autophagy under certain stress conditions. In the case of cystic
fibrosis, oxidative stress-related TG2 activation through HIF-la stabilization induces cross-
linking and subsequent sequestration of beclin-1 in aggresomes, inhibiting its function of
autophagy inducer (Luciana et al, 2010). This mechanism was also described in cancer cells
where activation of TG2 by protein kinase C delta (PKC9) led to beclin-1 degradation and
autophagy diminution (Ozpolat et al, 2007). However, TG2 activity is also involved in the
maturation of autophagosomes under stressful conditions, indicating a complex role for this

enzyme in this particular cellular process (Altuntas ef al, 2015; D’Eletto et al, 2009).
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In addition to its role in stress-induced autophagy, TG2 is involved in controlling
apoptosis, and was thus proposed to play a central role in orienting cells to survival or death
(Rossin et al, 2012). Depending on the cell type, the kind of stress, and the localization of the
enzyme (cytoplasm, nucleus or mitochondria) TG2 was shown to induce or prevent cell-death
by apoptosis. Just taking epithelial cells as an example, under DNA-stress caused by cisplatin,
an anti-cancer drug, TG2 was shown to activate NFxB signaling pathway and to block cell
apoptosis in ovarian cancer epithelial cells, whereas under ultraviolet B light stimulus, corneal
epithelial cells were undergoing apoptosis induced by TG2 (Cao et al, 2008; Tong et al, 2006).
The very complex interplay between TG2 activation and apoptosis- or autophagy-induction
upon stress is not clear. Further experimental work is required to understand the role of TG2 in
different diseases, particularly neurodegenerative diseases such as Huntington’s or Parkinson’s

disease, and cancer, in order to be able to build new and more efficient treatment strategies.
3. Other physiological roles for TG2.

Considering the diversity of TG2 substrates, and the technical difficulty to identify these
substrates, and their subsequent modification, it is clear that only the tip of the iceberg of TG2-
induced regulation is starting to emerge. Serotonylation of proteins by TG2 illustrates how TG2
is likely involved in the fine tuning of many cellular processes.

Cytoplasmic TG2 is able to induce serotonylation of cytoskeletal-regulatory proteins
such as RhoA, Racl, Rab4A or cytoskeletal-related proteins like the smooth muscle a.-, 3- and
y-actin, the myosin heavy chain or filamin (Watts et a/, 2009). These modifications allow an
adaptation of the contractibility of the smooth muscle cells and a modification of the vessels
smooth muscle tone. In the pancreatic 3 cells, serotonylation of Rab proteins is involved in the
release of insulin by exocytosis upon glucose stimulation and in platelets it is involved in
degranulation (Paulmann et al/, 2009; Walther et a/, 2003, 2011). TG2-induced serotonylation
is thus an important mechanism controlling cytoskeleton structure and exocytosis under cell-
type specific stimulations, accounting for the effects of the neuromodulator serotonin,

independent from its receptor activation.
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IV. Questions addressed in this doctoral work

Surprisingly, while the association between TG2 activity and inflammatory situations
has been studied in several normal and pathological situations, 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 (bacterium, virus or parasite), has remained very poorly investigated.
Furthermore, TG2 has been implicated in several cellular functions that are disturbed during C.
trachomatis infection, such as the regulation of apoptosis, and glucose homeostasis.
Preliminary data rapidly pointed to a strong increase in TG2 activity during C. trachomatis
infection. This doctoral work:

- describes the consequences of an inhibition of TG2 activity on C. trachomatis infection

in epithelial cells.

- dissects the steps, along the C. trachomatis developmental cycle, that are affected by

the inhibition of TG2 transamidating activity or expression.

- shows that TG2 is required for the increase in glucose import in infected cells.

- identifies novel substrates of TG2 using a proteomic approach.

- demonstrates that the enzyme glucosamine-fructose-6P amidotransferase (GFPT) is

one of these substrates and identifies glutamine 328 (GIn328) as a target of TG2.

- uncovers an unsuspected relationship between TG2 activity and O-GlcNacylation of

proteins, through the activation of GFPT.

- shows that C. trachomatis disrupts this link, likely by hijacking the end product of the

biosynthesis pathway controlled by GFPT to feed peptidoglycan synthesis: UDP-N-

acetylglucosamine.
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Cells and bacteria

HeLa cells (ATCC) and mouse embryonic fibroblasts (MEFs) isolated from KO (TG27-) 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)
(D’Eletto et al, 2009).

Primary cells used for experiments displayed in Figure 22 were isolated from human fallopian
tubes and maintained in culture as previously described (Roth et al, 2010). 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! of bovine pituitary extract
(Thermo Fisher Scientific) and 5ug.L! 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 % CO; atmosphere.

C. trachomatis serovar LGV L2 strain 434 and serovar D/UW-3/CX (ATCC), GFP-expressing
L2 (L2"PGFP) or C. muridarum Nigg (for in vivo experiments) were propagated on HeLa
cells, purified on density gradients as previously described and stored at -80 °C (Scidmore et

al, 2005; Vromman et al, 2014).

In vivo infections and dissections

Female TG2”- and TG2"* TIFA-KO mice were kindly provided by Dr. C. Papista (INSERM
UMRO70, 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
(Depo-provera-SC®, Pfizer) 7 days prior to infection to synchronize the menstrual cycle.

Mice were intravaginally inoculated with C. muridarum, 103 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. The left part of the upper genital tract was excised and rinsed into

PBS for the morphological observation.

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 2). For electron microscopy experiments, 1.5 million cells were
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plated in a 25 ¢cm? flask. The culture medium was changed the next day and experiments

(infection or treatment with Ionomycin, Sigma) were performed two days post treatment with

the siRNA.

Table 2: Primer sequences used for siRNA, qPCR and mutagenesis

Sequences are given from 5'- end to 3'- end.

Experiment | Target Sequence
TG2 GGGCGAACCACCUGAACAACTAT
GFPT1.1 | GACAGAUUGUGGAGUUCAUdTAT
GFPT1.2 | CCUUGGUGGAGAGAGUUAUdTAT
siRNA GFPT1.3 | GUGACUUCCUGGACAGAAAJTAT
GFPT2.1 | GUUCCAAGUUUGCGUAUAAdTAT
GFPT2.2 | GACCGAAUUUCACUACAAAdTAT
GFPT2.3 | CCAUCGCCAAGCUGAUUAAdTAT
. GGACTTCGAGCAAGAGATGG
a-actin
GCAGTGATCTCCTTCTGCATC
TGGATGAGGCATGCAAGTA
Chlamydia
16S RNA | TACTAACCCTTCCGCCACTAAA
qPCR TG2 TAAGAGATGCTGTGGAGGAG
CGAGCCCTGGTAGATAAA
GLUT-1 AACTCTTCAGCCAGGGTCCAC
CACAGTGAAGATGATGAAGAC
GLUT-3 CACAGGTTTTGTGCCCATGTA
ACCCCGCAGGGCAGTAG
Q58N GGGAAGCCAATGCCTGCAAAATCAATCTTATTAAGAAGAAAGGAAAAGT
ACTTTTCCTTTCTTCTTAATAAGTTGATTTTGCAGGCATTGGCTTCCC
Mutagenesis Q326N CGAGCTGTGCAAACACTCAATATGGAACTCCAGCAGATC
GATCTGCTGGAGTTCCATATTGAGTGTTTGCACAGCTCG
Q548N CGAAATTCAGAAACTAGCAACAGAACTTTATCATAATAAGTCAGTTCTGATAATG

CATTATCAGAACTGACTTATTATGATAAAGTTCTGTTGCTAGTTTCTGAATTTCG

RT-qPCR and qPCR

125 000 cells in 24-well plate were infected or not with L2 bacteria at a MOI = 1. Cells were
treated with CP4d (40 uM) or DMSO 2 hpi, or doxycycline (62.5 ng.mL"!, Sigma) 24 hpi. 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
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(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 where bacterial load was
measured to compare the infection between different conditions (experiment with doxycycline,
CP4d or DMSO addition displayed in Figure 31) a duplicate well was used to extract genomic
DNA (gDNA) of each time point using the DNeasy Blood and Tissue Kit (Qiagen), and the
amounts of cells and bacteria in the samples determined by qPCR using actin and 16S RNA
primers respectively. For in vivo experiments in mice, bacterial detection was performed by
extracting DNA also using the DNeasy Blood and Tissue Kit (Qiagen). The amounts of cells
and bacteria were determined by qPCR using actin and 16S RNA primers respectively.
Primers used are listed in Table 2, their specificity was ensured through the analysis of melting
curves and their efficiency tested using serial dilutions of samples encoding the genes of
interest. For cDNA, data were analyzed using the Delta-Delta Ct method with the actin gene as
a control gene (Schmittgen et al 2008). For gDNA, absolute quantitation was performed by
analyzing as calibrator a serial dilution of DNA extracted from pure EBs (for bacterial 16S
RNA) or pure actin cDNA obtained after a RT performed on RNA extracted from HeLa cells
using specific primers followed by an amplification by PCR of this gDNA finally purified on
gel.

Adhesion assay

Adhesion assays were performed as described previously (Vromman et al, 2014). 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""*PGFP 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.

Entry assessment

Entry experiments were performed as described previously (Vromman et al, 2014). 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"PGFP bacteria at a MOI
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= 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 (Amersham
Biosciences) secondary antibody. The dilutions were made in PBS containing 3 % of BSA.
DNA was stained using 0.5 ug.mL! 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 63x 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""*PGFP bacteria at
a MOI =0.2.

For progeny assays on HeLa cells, primary cells or MEFs cells, 100 000 cells seeded in 24-well
plate were infected with L2!"PGFP bacteria at a MOI = 0.15 the next day, after 2 h of treatment
with CP4d or DMSO or not. Cells treated with siRNA for 48 h were directly infected with
L2"*DGFP bacteria 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.

rhGFPT1 purification

Recombinant human GFPT1 (rhGFPT1) with an internal 6-His tag was produced from a
plasmid pET28-rhGFPT1-6His in E. coli Rosetta (DE3) GImS::Tc kindly given by Dr. Badet-
Denisot (Centre de Recherche de Gif, France) (Li et al, 2007).The mutated form rhGFPT1
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Q58N, rhGFPT1 Q328N and rhGFPT1 Q546N were obtained using QuikChange technology
(Agilent) on the plasmid pET28-rhGFPT1-6His, with primers listed in Table 2, following the
manufacturer instructions and transformed in E. coli Rosetta (DE3) GImS::Tc.

One liter of culture in 2YT medium supplemented with tetracycline (8 pg.mL"!, Sigma),
kanamycin (50 pg.mL’!, Sigma), chloramphenicol (15 pg.mL!, Sigma) and glucosamine
(GleNH», 2 mg.mL!, Sigma) was grown with agitation at 37 °C until ODgoo 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 (20
mM NaP, pH 7.5, 200 mM NaCl, 20 mM imidazole, 2 mM tris(2-carboxyethyl)phosphine
hydrochloride (TCEP), 10 % glycerol, I mM fructose-6-P, 10 mM phenylmethylsulfonyl
fluoride (PMSF), 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

before storage at -80 °C.

TG2 activity assay

In vivo:

Cells plated the day before (100 000 cells/well) were infected with L2 bacteria at a MOI of 1,
and 0.5 uM biotin pentylamine (BP) (Thermo Fisher Scientific) was added after 24 h. In some
experiments, cells were pre-incubated for 2 h with 40 uM CP4d or DMSO as control before
addition of bacteria. CP4d keeps TG2 in a close conformation, inhibiting the transamidase
activity (Caron et al, 2012). For experiments with Ionomycin (Sigma), cells pre-treated with
siRNA (see siRNA treatment) for 48 h or infected as described above for 24 h were treated with
Ionomycin and 0.5 pM BP was added concomitantly 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 pg of thGFPT1, thGFPT1 Q58N, rhGFPT1 Q328N or thGFPT1 Q546N and 1 mM
of BP in 20 mM HEPES buffer pH 7.5, 200 mM NaCl, 2 mM TCEP, 10 % glycerol, 1| mM
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Fructose-6-P, 10 mM CaCl,. 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

20 millions of HeLa cells were seeded in a 163 cm? flask. One day later, the cells were infected
or not with L2 bacteria at a MOI = 1. Two hours post infection the culture medium was changed
and 40 mM 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, urea 2 M, SDS 1%, pH=8.0) to reduce the urea concentration and
enable biotin-streptavidin interaction. 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 horseradish
peroxidase (HRP, 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 Tiibingen, Germany), mouse clone RL2 against O-GlcNAcylation
(#MA1-072 Thermo Fisher Scientific) and mouse clone AC-74 against B-actin (#A5441
Sigma). Secondary antibodies were anti-mouse-HRP (GE Healthcare) or anti-rabbit-HRP
(Invitrogen) conjugated antibodies. Blots were developed using the Western Lightning
Chemiluminescence Reagent (GE Healthcare). For quantification, signal obtained with the PXi

(Thermo Fisher Scientific) revelator was analyzed using ImagelJ software.
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Mass Spectrometry

In solution protein digestion:

Samples were prepared in triplicate. For streptavidin-precipitation of TG2 targets samples,
tryptic digestion was performed by enhanced filter-aided sample preparation (Erde ef a/, 2014).
All steps were done in-filter. Briefly, samples were reduced (50 mM TCEP, 30 minutes at room
temperature) and alkylated (50 mM iodoacetamide, 1 hat room temperature in the dark). Then,
proteins were incubated overnight at 37 °C with 500ng trypsin (Trypsin Gold Mass
Spectrometry Grade, Promega). Peptides were recovered by centrifugation.

After TG2/GFPT]1 reactions in vitro samples were diluted in a large excess of 8 M urea / 100
mM Tris HCI 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 HCI1
pH 8.5 to reach a concentration below 2 M urea. Samples were then incubated overnightat 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 CisSPE 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
pm inner diameter) with Cis resin (1.9 um particles, 100 A pore size, Reprosil-Pur Basic Cis-
HD resin, Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) and equilibrated in 98 %
solvent A (H20, 0.1 % FA) and 2 % solvent B (ACN, 0.1 % FA). 120 or 180 min gradient of
solvent B at 250 nL.min"! 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
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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 Escherichia coli K12 Uniprot reference proteome database concatenated with thGFPT1 and
gpTGase proteins (Cox et al, 2008; Cox et al, 2011; Tyanova et al, 2016). 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 (Cox et al, 2014). 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
(Wieczorek et al, 2017)). 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.
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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 (Novo, 2013).
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 (Ritchie et al, 2015; Smyth,
2005). 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 (Giai et al,
2016; Pounds and Cheng, 2006). The proteins associated to an adjusted p-value inferior to an

FDR level of 1% have been considered as significantly differentially abundant proteins.

Flow Cytometry

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).
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RESULTS
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I. TG2 is expressed at high level and activated 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 competes out other substrates for transamidase reaction catalyzed by TG2 and
becomes covalently linked to glutamine residues of TG2 targets. The biotin group is then easily
detectable by western blot using streptavidin coupled to horse radish peroxidase (Lee et al,
1992). This procedure was applied to HeLa cells either left uninfected, or infected for 48 h with
C. trachomatis, in the presence or not of BP. In non-infected samples, BP incorporation was
extremely low, as expected since in resting cells low Ca?* concentration maintains TG2 in an
inactive conformation. In contrast, infected cells showed a significant incorporation of BP,
indicating that TG2 becomes activated during infection. This signal was due to the transamidase
activity of TG2, since CP4d, a specific inhibitor of this activity, abolished BP incorporation in
a dose-dependent manner (Figure 25A) (Caron et al, 2012). Live proliferating bacteria were
needed for TG2 activation since filtered or heat-inactivated bacteria, or bacteria treated with
the antibiotic doxycycline to prevent their proliferation, failed to induce BP incorporation
(Figure 25B and Figure 26A). BP incorporation upon infection was also observed in WT mouse
embryonic fibroblasts (MEFs) but not in MEFs isolated from 7GM2 KO animals (TG27),
further supporting the implication of TG2 in this process (Figure 26B).
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Figure 25: TG2 transamidase activity increases during C. trachomatis infection along with its
expression

A- Whole cell lysates were prepared with HeLa cells infected of not for 48 h with C. trachomatis 1.2
(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. The two main bands present in all samples correspond
to naturally biotinylated host proteins. After blotting, the membrane was stained with Coomassie blue
to control for equal loading of all lanes. B- Same as in A, except that where indicated 250uM
doxycycline (doxy, left) were added 24 hpi or 7uM cycloheximide (CHX, right) were added 2 hpi. C-
Western blot with anti-TG2 antibodies on total cell lysates infected or not with C. trachomatis 1L.2. D-
Cells were infected with C. trachomatis L2 (MOI =1) for 24 or 48 h. Where indicated, 40 uM CP4d
were added 2 hpi. TGM?2 transcripts were measured by RT-qPCR and normalized to actin transcripts
with the Delta-delta Ct 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.
The asterisk indicates two significantly different values (P < 0.05, Student’s ratio-paired t-test).
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Probing cellular lysates by western blot using anti-TG2 antibodies showed that
activation of TG2 was accompanied with an increased expression of the enzyme (Figure 25C).
Consistent with this observation, inhibition of protein synthesis with cycloheximide decreased
infection-induced TG2 activation (Figure 25B). Reverse transcription followed by quantitative
PCR (RT-qPCR) measurements revealed a 3 to 4-fold increase in TG2 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 (Figure 25D). Interestingly, the transamidase
activity of TG2 is required for the increase in TG2 expression since, when cells were treated
with CP4d, TG2 transcription was no longer enhanced by infection (Figure 25D).

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

transamidase activity.
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Figure 26: The increase in TG2 activity during infection is due to TG2 activation by live bacteria

Coomassie Blue streptavidin-HRP

Coomassie Blue streptavidin-HRP

A- Before addition to HeLa cells, the bacterial inoculum was either left untreated (MOI = 1), or filtered
through a 0.22 pm 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 HRP-conjugated streptavidin. B- Whole cell lysates were prepared with WT or TG2 KO MEF cells
infected or not for 48 h with C. trachomatis L2 in the presence or not of BP, and analyzed as in A.
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II. TG2 activity sustains bacterial growth.

A. In cellulo.

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 uM CP4d resulted in a 2-fold decrease in bacterial progeny
(Figure 27A). Consistently, a similar reduction in bacterial progeny was observed when bacteria
were grown on TG27-MEFs compared to TG2""* (Figure 28A). To confirm these findings in
primary cells, we used epithelial cells isolated from fallopian tubes (Roth et al, 2010). 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 uM CP4d (Figure 27B). 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

(Figure 27B).
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Figure 27: TG2 activity is important for C. trachomatis developmental cycle

A- HeLa cells were pre-treated with the indicated concentrations of CP4d (or DMSO alone) for 2 h
before being infected with L2™°GFPat MOI = 0.15. Thirty hours later, the cells were disrupted and
bacterial titers were determined by re-infecting fresh HeLa cells as described in the methods. Three
independent experiments are shown. B- Same as in A except that C. trachomatis L2 (left) or serovar D
(right) were grown in primary cells isolated from fallopian tubes. For serovar D, cells for recovery were
disrupted after 48 h. C- HeLa cells were pre-treated with the indicated concentrations of CP4d (or
DMSO alone) for 2 h before being infected with L2™°GFPat 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) are shown for three independent experiments. A
representative field for each condition is shown, bar = 10 um. D- 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 L2 (left) or serovar D (right). Twenty-four hours later, the
cells were fixed, bacteria were stained using FITC-labeled anti-Chlamydia-LPS antibodies, and the size
of the inclusions manually determined using ImageJ, on twenty inclusions per experiment. Asterisks
indicate two significantly different values (*: P <0.05; **: P <0.01, Student’s paired t-test).
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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 inhibition of TG2
had no effect on bacterial adhesion (Figure 28B), but that 40 uM CP4d decreased the percentage
of infected cells by about 2-fold in HelLa cells (Figure 27C), consistent with a lower
internalization efficiency (Figure 28C). In addition, inclusions were smaller in cells treated with
CP4d, and contained less bacteria, indicating that bacterial growth and/or proliferation was
slower in the absence of TG2 activity (Figure 27D). The reduction of inclusion size when TG2
was inhibited was also observed in primary cells infected with C. trachomatis L2 or serovar D

(Figure 27D) confirming a default after the entry of the bacteria when TG2 was inhibited or

absent.
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Figure 28: TG2 plays a role in bacterial entry

A- TG2"" and TG2”~ MEFs were infected with L2™PGFPat MOI = 0.15. Thirty hours later the cells
were disrupted and bacterial titers were determined by re-infecting fresh TG2"* cells as described in the
methods. Five independent experiments are shown. B- To measure bacterial adhesion TG2"* and TG2
" MEFs were incubated at 4 °C for 4 h with L2"*°GFPat MOI = 10 before being washed and fixed as
described in the methods. The mean values of the cell associated fluorescence of three independent
experiments are shown. C- TG2"* and TG2" MEFs were infected with L2™°GFPat 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 are shown. Asterisks indicate two significantly different
values (*: P <0.05; **: P <0.01, Student’s paired t-test).

B. In vivo.

We next tested the incidence of the absence of TG2 on chlamydial development in a
mouse model of infection. We infected TG2"* and TG2"- mice with Chlamydia muridarum, a
mouse-adapted strain genetically very close to C. trachomatis (Read et al, 2000). Twenty-five
days after infection, mice were sacrificed and the upper part of the genital tract was isolated
from all of them (Figure 29 A). DNA was extracted from these tissues and bacterial load was

determined by qPCR. A slightly higher number of mice retained detectable bacterial DNA in
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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. 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 (Figure 29 A and
B). On the whole, these data indicate that the absence of TG2 reduces only marginally, if at all,
the ability for C. muridarum to establish an infection. However, it 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 (Eckert et al, 2014; lismaa et al, 2009).
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Figure 29: TG2 enhances hydrosalpinx upon C. muridarum infection in mice

Mice were infected intravaginally with 10°infection forming units 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 (A). The left part was rinsed with
PBS and analyzed with a binocular magnifier (B), only a representative half of the WT uterine horn is
shown. Hydrosalpinx score was determined on the oviduct using the scale described in Peng ef a/, 2011
(O). Asterisk indicates two significantly different values (P < 0.05, Student’s unpaired t-test).
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III. TG2 plays a central role in metabolic rewiring during

infection.

We have recently shown that C. trachomatis rewires the glucose metabolism in the
infected cell (Gehre et al, 2016). By accumulating glycogen in the vacuole, it acts as a glucose
sink, requiring the host to adapt its own metabolic fluxes. One of the host responses is to
increase glucose uptake through overexpression of plasma membrane glucose transporters
(Ojcius et al, 1998; Wang et al, 2017). In mammary epithelial cells, it was shown that TG2
overexpression led to profound changes in the cell metabolism, including the induction of the
expression of the glucose transporter GLUT-1 (Kumar et al, 2014). As we have observed that
TG2 level was increased during C. trachomatis infection, we wondered if this increase could
control the concomitant rewiring of host metabolism in infected cells, as it does in mammary
epithelial cells. 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
TG27- MEFs compared to the wild type MEFs, as TG2”- MEFs cell 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 (Figure 30A). For instance, at 1 mg.ml! glucose, the progeny was reduced

by 82 % in the TG2”- MEFs, against only 35% in the TG2"* MEFs.
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Figure 30: TG2 is required for enhanced glucose import in infected cells

A- MEFs were grown for 24 h in a culture medium complemented with the indicated concentration of
glucose before being infected with L2"™°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. frachomatis L2 (MOI = 1) for 24 or 48 h. Where
indicated 40 uM CP4dwas added 2 hpi. GLUTI and GLUT3transcripts were measured by RT-qPCR and
normalized to actin with the Delta-delta Ct 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. Asterisks indicate two significantly different values (*: P < 0.05; **: P <0.01,
Student’s ratio-paired t-test).

This result supports our hypothesis that one reason TG2 is needed for optimal bacterial
development is that it is implicated in the rewiring of host metabolism to sustain bacterial
growth. To test this 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 (Wang et al, 2017). We reproduced this result in HeLa cells, as well as in
primary cells isolated from the endocervix (Figure 30B). In contrast, in the presence of the TG2
inhibitor CP4d, the transcription of the glucose transporter genes was no longer induced by
infection, demonstrating that TG2 is necessary for the control of GLUT-I 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

diminished 24 hpi by addition of doxycycline, we observed a comparable reduction in bacterial
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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 (Figure 31). Thus, similar to what was described in
mammary epithelial cells, TG2 is instrumental during C. trachomatis infection to increase

glucose uptake by enhancing the transcription of glucose transporter genes.

=)
1]
o GLUT1 GLUT3
=& 1501 31 109
8 c
o
(=} _
% = — 8-
=1
%% 1004 - 2 =
| [5) 5 69 —
8 o ] <
® E < <
-’ N N 4-
82 50 1
N
r ;
Q.2 ]
o [}
© v T T T T v T T
s N o @ N o W@ Q 0 R
g é‘b & & Qéf" &R & W & &
S Q & 9 Q ©
= ) S B
o° ° o°

Figure 31: Differential effect of CP4d and doxycyline on GLUT-1 and GLUT-3 transcription

HeLa cells were infected or not with C. trachomatis (MOI = 1) in duplicate per condition. Twenty-four
hours later, 62.5 ng.mL"' doxycycline or 40 uM CP4d 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 qPCR was normalized to host gDNA (actin
gene) and is expressed relative to the infected non-treated culture. GLUT-1 and GLUT3 transcripts were
measured by q RT-PCR and normalized to actin with the Delta-delta Ct 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. Asterisks indicate two significantly different values
(P <0.05, Student’s ratio-paired t-test).

IV. Glucosamine-fructose-6-P amidotransferase is a substrate of

TG2 transglutaminase activity.

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 3). RhoA, galectin 3, fibronectin, 40S ribosomal protein SA, hemoglobin
beta and immunoglobulin k chain C region were already identified as TG2 substrates (Guilluy
et al, 2007; Mehul et al, 1995; Nelea et al, 2008; Orru et al, 2003; Pincus and Waelsch, 1968;
Sohn et al, 2010). 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 (Altuntas et al, 2015).
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Table 3: 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
Q8NE71-2 ABCF1 ABCF1 ATP-binding cassette sub-family F member 1 NA NA
095831-3 AIFM1 AIFM1 Apoptosis-inducing factor 1 NA NA
P50995-2 ANXI11 ANXA1l | Annexin All NA NA
P84077 ARF1 ARF1 ADP-ribosylation factor 1 NA NA
Q13510 ASAHI1 ASAHI1 Acid ceramidase NA NA
Q12797-10 ASPH ASPH Aspartyl/asparaginyl beta-hydroxylase NA NA
P36542-2 ATPG ATP5C1 | ATP synthase subunit gamma NA NA
095816 BAG2 BAG2 BAG family molecular chaperone regulator NA NA
Q13185 CBX3 CBX3 Chromobox protein homolog 3 NA NA
Q9Y696 CLIC4 CLIC4 Chloride intracellular channel protein 4 NA NA
Q16555-2 DPYL2 DPYSL2 | Dihydropyrimidinase-related protein NA NA
P55884 EIF3B EIF3B Eukaryotic translation initiation factor 3 subunit B NA NA
P02751-4 FINC FN1 Fibronectin NA NA
G3V1Q4 G3V1Q4 | SEPT7 Septin 7 NA NA
Q9HAVO GBB4 GNB4 Guanine nucleotide-binding protein subunit beta NA NA
094808 GFPT2 GFPT2 Glutamine--fructose-6-phosphate aminotransferase NA NA
P08754 GNAI3 GNAI3 Guanine nucleotide-binding protein G(k) subunit alpha NA NA
H3BSW3 H3BSW3 | APRT Adenine phosphoribosyltransferase NA NA
P68871 HBB HBB Hemoglobin subunit beta NA NA
AOAO087WZW8 | IGKV3-11 | IGKV3-11 | Ig kappa chain C region NA NA
Q15181 IPYR PPA1 Inorganic pyrophosphatase NA NA
J3QLES J3QLES SNRPN Small nuclear ribonucleoprotein-associated protein N NA NA
K7ENG2 K7ENG2 | U2AF2 Splicing factor U2AF 65 kDa subunit NA NA
P17931 LEG3 LGALS3 | Galectin-3 NA NA
CIoJIGY OSR1 OSXR1 Serine/threonine-protein kinase OSR1 NA NA
P17858 PFKAL PFKL ATP-dependent 6-phosphofructokinase NA NA
E9PQ98 PRMT1 PRMT1 Protein arginine N-methyltransferase 1 NA NA
P62195-2 PRS8 PSMCS5 26S proteasome regulatory subunit 8 NA NA
000487 PSDE PSMD14 | 26S proteasome non-ATPase regulatory subunit NA NA
Q16401-2 PSMD5 PSMD5 26S proteasome non-ATPase regulatory subunit 5 NA NA
Q06203 PUR1 PPAT Amidophosphoribosyltransferase NA NA
P17812-2 PYRG1 CTPS1 CTP synthase 1 NA NA
P43487-2 RANG RANBP1 | Ran-specific GTPase-activating protein NA NA
Q9P2E9-2 RRBP1 RRBP1 Ribosome-binding protein 1 NA NA
P56192 SYMC MARS Methionine--tRNA ligase NA NA
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095497 VNN1 VNN1 Pantetheinase NA NA
E9PRD9 VNN2 VNN2 Vascular non-inflammatory molecule 2 NA NA
P08243-2 ASNS ASNS Asparagine synthetase 7,62 1,81E-08
P30508 HLA-C HLA-C HLA class I histocompatibility antigen, Cw-12 alpha chain | 9,05 4,07E-08
P35613-2 BASI BSG Basigin 2,33| 1,85E-05
P10909-4 CLUS CLU Clusterin 2,13| 3,91E-05
P49368 TCPG CCT3 T-complex protein 1 subunit gamma 1,83| 3,99E-04
015427 MOT4 SLC16A3 | Monocarboxylate transporter 4 1,93| 6,21E-04
E9PLL6 RPL27A | RPL271 60S ribosomal protein L27a 1,36 9,12E-04
Q15233 NONO NONO Non-POU domain-containing octamer-binding protein 1,26 1,21E-03
P30837 AL1B1 ALDHI1B1 | Aldehyde dehydrogenase X 1,98| 1,50E-03
E9PLA9 CAPRIN1 | CAPRIN | Caprin-1 147 1,61E-03
P17987 TCPA TCP1 T-complex protein 1 subunit alpha 191| 2,84E-03
P39019 RS19 RPS19 408 ribosomal protein S19 1,44| 3,74E-03
Putative pre-mRNA-splicing factor ATP-dependent RNA
043143 DHX15 DHX15 helicase 1,00 4,00E-03
P61586 RHOA RHOA Transforming protein RhoA 1,01| 4,49E-03
C9J9K3 RPSA RPSA 40S ribosomal protein SA 1,07| 491E-03
AOAO87WXMS6 | RPL17 RPL17 60S ribosomal protein L17 1,01| 548E-03
P38919 EIF4A3 EIF4A3 Eukaryotic initiation factor 4A-III 1,08| 7,23E-03
P00505 AATM GOT2 Aspartate aminotransferase, mitochondrial 1,11| 8,63E-03
P27105 STOM STOM Erythrocyte band 7 integral membrane protein 1,01| 9,61E-03
AOA096LNZ9 | ISGI15 ISG15 Ubiquitin-like protein ISG15 1,25| 1,10E-02
E9PEX6 DLD DLD Dihydrolipoyl dehydrogenase, mitochondrial 1,08| 1,66E-02
Q10589-2 BST2 BST2 Bone marrow stromal antigen 2 1,15 2,37E-02
Q06210 GFPT1 GFPT1 Glutamine--fructose-6-phosphate aminotransferase 322 249E-02
AOAO087WVM3 | CYR61 CYR61 Protein CYR61 1,34| 2,75E-02
Q13162 PRDX4 PRDX4 Peroxiredoxin-4 1,13| 2,88E-02

Among these potential TG2 targets, the enzyme glucosamine-fructose-6-P
amidotransferase (GFPT) caught our attention because it uses fructose-6-P as a substrate, which
derives from glucose-6-P. We reasoned that targeting one key enzyme of sugar metabolism
might contribute to the overall control of sugar metabolism that C. trachomatis exerts on its
host (Gehre et al, 2016). Moreover, both isoforms of the enzyme, GFPT1 (also known as
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. GFPT was no longer

found in the biotinylated fraction when infection had been performed in the presence of the
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TG2 inhibitor CP4d, demonstrating that incorporation of the biotinylated probe in GFPT
depended on the activity of TG2 (Figure 32A).

To further validate that GFPT is a novel substrate of TG2 we tested the ability for TG2
to cross-link a primary amine to GFPT in vitro. Purified TG2 and recombinant human GFPT1
(thGFPT1) were incubated for 3 h at 37 °C in the presence of BP as primary amine donor.
Proteins were then separated by SDS-PAGE and the incorporation of the biotinylated probe
was analyzed by blotting with HRP-coupled streptavidin. The biotinylated probe was
incorporated into thGFPT1 in the presence and not in the absence of TG2. Furthermore,
chelation of Ca?* by EGTA inhibited the incorporation of the probe, as expected for a reaction
dependent on the transamidase activity of TG2 (Figure 32B). 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 precisely determine which glutamine residue(s) of GFPT1 was being
modified by TG2 in vitro, we performed the same experiment with purified TG2 and rhGFPT1
incubated for 3 h in the presence of BP and analyzed the products of the reaction by mass
spectrometry. BP incorporation was identified in ten glutamine residues (out of twenty-eight,
Figure 32C).

To determined which of these glutamine residues were preferred TG2 substrates, we
introduced glutamine to asparagine point mutations to prevent modification by TG2 while
minimizing a possible impact on protein folding. We started with the two glutamine residues
that we identified as prone to modification by TG2 using bioinformatics tools designed to score
peptidic environment favorable for TG2 activity, Q328 and Q546 (Keresztessy et al, 2006;
Sugimura et al, 2006). As a control, we also tested Q58, another glutamine 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 reduced in the rhGFPT1 Q328N but neither in thGFPT1 Q546N nor
rthGFPT1 Q58N, indicating that the glutamine 328 is a prominent glutamine for modification
by TG2.
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Figure 32: GFPT is a substrate of TG2 transamidase activity

A- HelLa cells were infected with C. trachomatis (MOI = 1) then treated or not after 2 h with 40 uM
CP4d. After 24 h 0.5 mM BP was added and cells were lysed at 48 hpi. Lysates were precipitated with
streptavidin-coated beads to purify the proteins cross-linked to BP by TG2. After separation with SDS-
PAGE, proteins were transferred to a membrane and GFPT was revealed in the purified fraction
(precipitation streptavidin) or the fraction before precipitation on beads (input). B- In vitro assay testing
the ability of purified guinea pig transglutaminase (TG2) to crosslink purified thGFPT1 with BP. The
addition of EGTA traps Ca’', inactivating TG2. 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
streptavidin coupled with HRP. thGFPT1 is 77,5 kDa. C- Samples prepared as described in B were
analyzed by mass spectrometry in order to identify the glutamine residues on GFPT1 where BP was
incorporated. The sequence of thGFPT1 is shown, glutamine residues in which no modification was
identified are in red, the ones crosslinked to BP in green and the two crosslinked to BP and surrounded
by a sequence already known as prone to TG2 transamidation in purple. D- In vitro assay was performed
as described in B using wild type thGFPT1 (WT), thGFPT1 Q58N, rhGFPT1 Q328N or thGFPT1
Q546N as substrate. 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) compared to the
unmodified (GFPT signal) is shown, normalized to its value with WT thGFPT1. The mean of five
independent experiments is shown, the asterisk indicates two significantly different values (P < 0.05,
Student’s ratio-paired t-test).
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V.Modification of GFPT by TG2 enhances the hexosamine
biosynthesis pathway.

GFPT catalyzes the first and rate limiting step of the de novo biosynthesis of
hexosamines, i.e. the hexosamine biosynthesis pathway (HBP) (Figure 33A). The HBP leads
to the formation of uridine 5’-diphospho-N-acetylglucosamine (UDP-GIcNAc), which is
further used for N-glycosylation, N-glycan branching, and O-linked N-acetylglycosylation (O-
GlcNAcylation) in the ER, Golgi, and cytosol and nucleus, respectively. Unlike N-
glycosylation or N-glycan branching, which combine several UDP-GIcNAc moieties to other
sugars, O-GlcNAcylation involves the transfer of a single UDP-GIcNAc moiety to the hydroxyl
group of serines or threonines. It is dynamically regulated by O-GlcNActransferase (OGT) and
O-GlcNAcase (OGA), which are respectively responsible for O-GIcNAc addition and removal.
O-GlcNAc modification level of proteins is directly dependent on the concentration of UDP-
GlcNAc, the donor substrate for OGT (Jozwiak et al, 2014). To determine if GFPT modification
by TG2 had an impact on the HBP, we measured the level of O-GlcNAcylation in primary
epithelial cells. Tonomycin is a widely used TG2 activator, as this Ca** ionophore increases
intracellular Ca**concentration, which opens TG2 in its active conformation. 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 cells in the presence of the TG2 inhibitor CP4d (Figure
33B) or in cells in which 7GM?2 expression had been silenced using siRNA (Figure 33C).

Altogether these experiments show that activation of TG2 transamidase activity by

calcium influx enhances the HBP.
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Figure 33: Modification of GFPT by TG2 leads to an increase in the HBP flux

A- Schematic view of the HBP. Production of glucosamine-6-P by GFPT is the first and rate-limiting
step of the pathway that produces UDP-GlcNAc. HK: hexokinase; GOPI: glucose-6-P isomerase; GFPT:
glutamine-fructose-6-P amidotransferase; GNA: glucosamine-6-P N-acetyltransferase; PGM3:
phosphoglucomutase 3; UAP: UDP-N-acetylglucosamine pyrophosphorylase; OGT: O-GIcNAc
transferase; OGA: O-GlcNAcase; GlcNAc: N-acetylglucosamine. B- Endocervical epithelial cells were
pre-treated or not with 40uM CP4d for 2 h before addition of the indicated concentration of ionomycin
(or an equivalent volume of DMSQO). 0.5 uM biotin pentylamine was added simultaneously as a parallel
read-out of TG2 activity. Six hours after ionomycin treatment, 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 pM) with siRNA control (siRNA CTRL) or siRNA directed against TG2
(siRNA TQG2).
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VI. TG2 activity controls the hexosamine biosynthetic pathway
to provide the bacteria with UDP-GIcNAc.

Surprisingly, we did not observe an increase in O-GIcNAcylation in cells infected for
48 h by C. trachomatis (Figure 34A). Since O-GlcNAcylation directly depends on UDP-
GlcNAc concentration, this observation suggested that UDP-GIcNAc levels in the cytoplasm
were 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
(Gehre et al, 2016). We reasoned that UDP-GlcNAc might not accumulate in the cytoplasm in
infected cells because it is rapidly taken up by the bacteria. Indeed, 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-GIcNAc is available for O-GIcNAcylation
in the infected host cytoplasm (Figure 34B). 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. This observation also implies that the increase in the HBP upon ionomycin
treatment is not due to an increased expression of GFPT, but presumably to an increase in
enzymatic activity upon modification by TG2.

If UDP-GIcNAc from the host was used by the bacteria, lowering the cellular levels in
UDP-GlcNAc should negatively impact bacterial development. We tested this hypothesis by
measuring the consequence of silencing GFPT, the rate limiting enzyme in UDP-GIcNAc
biosynthesis, on infection. The mass spectrometry data showed that both isoforms GFPT1 and
GFPT?2 were expressed in HeLa cells (Table 3). However, none of the 3 siRNA against GFPT2
had any impact on the amount of GFPT detected by the antibody (that detects both isoforms)
indicating that GFPT2 expression is very low. In contrast, silencing of GFPT1 with three
different siRNAs greatly diminished the expression of the enzyme confirming that this is the
main isoform expressed in HeLa cells (Figure 35A). 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 (Figure 35B). 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 (Figure 35B).

98



B .
NI 24 48 lonomycin - - + +

| Infection -+ -+
250 ':ﬁ > . “....
' 250 — [ '
150 — o - -, :
< 150
100 — | % 100 — O
75 — = <
0) 75 — zZ
A O
50 — 50 g
37 — 37
o —
T o
T — L
U]
= -
© ©
® ©

Figure 34: Infection dampens the increase in O-GlcNAcylation upon TG2 activation

A- HeLa cells were infected with C. trachomatis (MOI = 1), then lysed after 24 h or 48 h or left
uninfected (NI). After separation with SDS-PAGE, proteins were transferred to a membrane, probed
with anti-O-GlcNAcylation antibody followed with HRP conjugated secondary antibodies. Then the
membrane was cut and probed with anti-GFPT and anti-actin antibody before revelation with HRP
conjugated secondary antibodies. B- HeLa cells were infected with C. trachomatis (MOI = 1), then
treated with 8 pM Ionomycin (or the same volume of DMSO as control) and 0.5 mM BP after 24 h.
After 6 h of treatment, cells were lysed, proteins revealed as in A.

Altogether, these data support the hypothesis that the increase in UDP-GIcNAc resulting
from GFPT modification by TG2 is consumed by the bacteria. In bacteria, peptidoglycan
biosynthesis requires high UDP-GIcNAc supply. C. trachomatis do not have a classical cell
wall but uses peptidoglycan synthesis for bacterial division (Liechti et al, 2016). It is thus
possible that Chlamydia takes advantage of the increase in UDP-GIcNAc production in the host,

to assist bacterial division through peptidoglycan biosynthesis.
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Figure 35: GFPT is required for optimal bacterial growth

A- 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. B- HeLa cells treated for 48 h with siRNA
targeting GFPT1.3 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) 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). Asterisks indicate two significantly different values (**: P <0.01, Student’s paired t-test).
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DISCUSSION
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While TG2 has been known for a long time to be induced and have an important function
during inflammation, the roles ascribed to this enzyme are often related to its secreted pool.

Moreover, the inflammatory stimuli studied are often abiotic or rely on auto-immune response.

In this work, we aimed at unravelling the importance of TG2 during C. trachomatis
infection in epithelial cells. It led to the identification of new targets of TG2 and we revealed

an unsuspected link between this enzyme and the HBP.

1. C. trachomatis infection causes an increase in TG2 level and

activity that benefits bacterial growth.

Given the importance of TG2 in rerouting cellular metabolism toward aerobic glycolysis
in certain contexts such as cancer, and the importance of glucose supply in C. trachomatis-
infected cells, we tested the levels of TG2 and of its transamidase activity during infection
(Kumar et al, 2014; Rother ef al, 2018). We observed a strong increase in TG2 transamidating
activity (Figure 25A), mostly due to an increased transcription of the 7TGM2 gene (Figure 25D)
resulting in higher levels of TG2 (Figure 25B, C). This increase in activity and transcription
starts about 24 h post infection and is dependent on TG2 activity. Thus, it seems that there is a
positive feedback loop that amplifies TG2 transamidating activity by increasing the level of
protein, which itself depends on this same activity. It could be that TG2 activates NFxB by a
non-canonical pathway as previously described, that in return is able to activate 7GM?2
transcription thanks to an element in the promoter of 7GM2 (Kumar and Mehta, 2012; Mirza
et al, 1997). Also, in response to C. trachomatis infection, epithelial cells secrete cytokines such
as IL-8 and IL-6, the latter being a known activator of TGM2 transcription (Oh et al, 2011;
Rasmussen et al, 1997). It is thus very plausible that TG2 expression increases as a result of

cytokine stimulation.

The increase in TG2 activity requires the presence of live and proliferative bacteria
(Figure 26A). The signal(s) activating TG2 transamidase activity is not clear. Inside a cell, Ca*,
the activator of TG2 transamidase activity, is mostly sequestered inside the ER, and this

compartment is associated with the inclusion membrane at membrane contact sites (Derré et al,
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2011). C. trachomatis infection activates the unfolded protein response pathway, a stress
signaling pathway that was described as sufficient to activate TG2 (George et al, 2016; Lee et
al, 2014). In line with the hypothesis that TG2 might be activated by local Ca** increase due to
the infection, one study using Ca®* sensitive probes reported an accumulation of cytoplasmic
Ca?* around the inclusion (Majeed et al, 1999). Thus, it is likely that the activation of TG2
transamidase activity is an indirect consequence of local Ca?" increase caused by the infection.
If it indeed happens in the vicinity of the inclusion, it provides the advantage of limiting TG2
activity to substrates that can benefit the bacteria close to the inclusion (see below for the
generation of UDP-GIcNAc for instance), without compromising cellular homeostasis by a

massive TG2 activation.

We provide strong evidence that TG2 expression is beneficial for the developmental
cycle of C. trachomatis. Treating HelLa cells (Figure 27A) or primary cells (Figure 27B)
isolated from human fallopian tube with a specific inhibitor of the transaminase activity CP4d
resulted in a two to ten-fold decrease in the progeny produced after an infectious cycle,
indicating an effect in favor of Chlamydia cycle of TG2 increase. The results were reproduced
using the serovar D of C. trachomatis, a serovar causing different sexually transmitted
infections than the serovar LGV L2, suggesting that TG2 importance is not serovar- or tissue-
dependent. Moreover, infecting cells with C. muridarum or C. caviae, two other Chlamydia
species, also resulted in a strong increase in TG2 activity after 48 h of infection (data not
shown). Altogether, these data indicate an importance of TG2 for Chlamydia developmental

cycle.

More precisely, our data indicate that TG2 is important at two different stages of the
bacterial cycle: for the entry of the bacteria inside the host cell, and for its intracellular
multiplication later on (Figure 27C, D). The effect observed at the entry step (Figure 28C) is
probably related to functions of TG2 at the plasma membrane or in the extracellular matrix.
TG2 is known to promote the clustering and the activation of PDGFRs, resulting in the
activation of downstream signaling cascade including Aktl kinase (Nurminskaya et al, 2014).
Interestingly, PDGFR/AKkt signaling are implicated in C. trachomatis entry (Elwell et al, 2008;
Carpenter et al, 2017). PDGFR activation and its downstream signaling might be affected in

the absence of functional TG2 and result in the entry defect observed here.
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II.TG2 is required to meet glucose demand during infection.

Based on the description of TG2 as a master regulator of the aerobic glycolysis
metabolism in mammary epithelial cells, we tested whether TG2 was implicated in the control
of cellular metabolism in our infectious context (Kumar et al, 2014). Among the modifications
occurring in C. trachomatis infected cells regarding glucose metabolism, we focused on the
overexpression at the genetic and protein level of the glucose transporters GLUT1 and GLUT3
previously described (Wang et al, 2017). Indeed, GLUT1 was already shown to be upregulated
by TG2 via NFkB activation and with HIF-1 as intermediate transcription factor in a different
context and since HIF-1, NFkB and now TG2 are known to be activated upon Chlamydia
infection, we aimed at identifying if this same pathway was involved during infection (Sellami
et al, 2014; Sharma et al, 2011; Kumar et al, 2014). Using the chemical inhibitor CP4d, we
demonstrated that the transcriptional increase in the genes encoding GLUT1 and GLUT3 during
infection was controlled by TG2 (Figure 30B). Since CP4d treatment of infected cells induced
a delay in bacterial development, it could be argued that the reduction in bacterial load accounts
for the decrease in GLUT! and GLUT3 transcription. We ruled this possibility out by showing
that doxycycline, an antibiotic that delayed bacterial growth to the same extent as CP4d, did
not impair the increase in GLUTI and GLUT3 transcription. In a previous publication, the
increase in GLUTI and GLUTS3 transcription during C. trachomatis infection was attributed to
an activation of the MAPK p38 and JNK (Wang et al, 2017). This is not incompatible with our
results since the activation of these kinases is an early phenomenon during infection, and may
account for the increase in the transcription of those two genes in the 24 first hours of infection,
when the activity and expression of TG2 have not yet increased. Based on our findings we
propose that TG2 activation relays the MAPKSs and becomes the principal activator of GLUT/
and GLUTS3 transcription for the second half of the developmental cycle.

Supporting a role for TG2 in controlling glucose import we observed that bacteria grown
on fibroblasts isolated from TG2”- mice were more susceptible to a decrease in glucose
concentration in the medium, which is expected if they are not able to compensate for this
decrease by increasing transporter amounts. In this experiment, C. trachomatis development in
cells cultured in a medium containing 1 mg.mL™! of glucose was strongly weakened in TG2 KO
cells compared to the wild type (Figure 30A). This is a relevant concentration since the normal
glucose concentration in the human serum is between 0.6 and 1 mg.mL! and in female vaginal

fluid about 0.6 mg.mL! (Exley et al, 2007).
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III. TG2 exacerbates C. muridarum pathogenesis.

In order to test the importance of TG2 in vivo, we performed experiments with a murine
model of infection, using C. muridarum, a mouse adapted strain genetically very close to C.
trachomatis. In that model, after 25 days post infection, we analyzed the bacterial load present
in the mice upper genital tract. No significant difference was obtained due to the limited number
of TG2”- animals available, but TG2” mice tended to be colonized by less bacteria than the
control ones (Figure 29). At a higher scale, looking at the symptoms caused by C. muridarum
infection, milder symptoms were observed in TG2”* mice. These results support the in vitro
observations indicating that TG2 is important for an optimal bacterial infection. /n vivo, another
level of complexity is added due to the different functions played by TG2 in different cell types,
and in particular the role of TG2 in supporting inflammation, which might account for the less
severe phenotype of pathogenesis in the TG2”~ mice. Another fact that must be considered is
that mammalian genome encodes seven other enzymatically active members of the
transglutaminase family. It is very likely that, in TG2”~ mice, these enzymes compensate TG2
loss to some extent. This idea is supported by the fact that TG2”- mice live normally without

any apparent major problems (De Laurenzi and Melino, 2001).
IV. GFPT1, a substrate of TG2 activity.

Given the increase in TG2 activity observed in C. trachomatis infected cells, we decided
to get an in-depth view of the impact of TG2 activation by identifying proteins modified by the
transaminase activity of the enzyme. Using mass spectrometry, we identified sixty-two
candidate substrates. The list of known TG2 substrates for its transamidase activity contains
already more than a hundred proteins so this number, for a particular cell-type in a given
condition, does not seem unrealistic. Moreover, from the sixty-two proteins identified, six

proteins were already described TG2 substrates, confirming the relevance of the approach used.

We focused our work on GFPT, whose two isoforms were recovered among TG2
substrate candidates. We confirmed that GFPT1 was a target of TG2 in vitro using purified

proteins.

To determine whether GFPT is a substrate of TG2 even in a non-infectious context, we

tested the effect of an artificial activation of TG2 using the calcium ionophore ionomycin on
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the HBP. We used O-GlcNAcylation as a readout, as this reaction uses and is limited by the
end product of the HBP (UDP-GIcNAc). The data confirmed the link between the activation of
TG2 and the generation of UDP-GIcNAc (Figure 33). The effect of TG2 on GFPT activity
could result from a stabilization of the protein, which has a short half-life time, or from an
increase of its enzymatic activity (Marshall et al, 1991). Western Blot did not reveal any
difference in the protein levels of GFPT, suggesting an effect of TG2 on GFPT catalytic activity
(Figure 34A and B). This action could result from a modification of GFPT conformation,
increasing the accessibility to one of its substrates, or releasing its inhibition by other molecules
or modifications. For example, the phosphorylation of the Ser204 by the PKA was shown to
decrease GFPT activity, so does the phosphorylation of Ser243 by AMPK (Chang et al, 2000;
Zibrova et al, 2017). GFPT modification by TG2 may block the recognition of the enzyme by
the AMPK or hide the Ser residue. GFPT activity is also inhibited by the end product of the
HBP, the UDP-GIcNAc, with residues Gly445 and Gly461 crucial (Assrir et al, 2014). Its

modification by TG2 could release this inhibition.

We were able to identify at least one of the glutamine residues on GFPT1 that is
modified by TG2, Q329. Crosslinking of biotin pentylamine to GFPT1 by TG2 was impaired
in a Q329N mutant of GFPT1 (Figure 33D). This residue is localized in the inter-domain region
and is not part of the cristallized domain (the isomerase domain) (Nakaishi et al, 2009).
Modification of the inter-domain region may impact the distance between the two domains of
the protein or its oligomerization state. Identifying the amine donor that becomes cross-linked
to GFPT1 remains a challenging project for the future. Having identified the modified
glutamine is an important step in this direction. Once the cross-linked species identified, the
modification could be reconstructed in vitro and lead to a detailed biochemical characterization

of its consequences on GFPT1 activity.

Strikingly, we did not detect a significant increase in the O-GlcNAcylation level during
infection, in spite of the strong TG2 activation (Figure 34A). While we think that it is at least
partly due to UDP-GIcNAc being efficiently retargeted to the bacteria (see below) it remains
possible that some particular host proteins become O-GlcNAcylated during infection. For
example, the transcriptional repressor Snaill is stabilized by O-GIcNAcylation which prevents
its phosphorylation and the subsequent degradation (Park et al, 2010). Increase in Snaill is a
known trigger of E-cadherin downregulation and and E-cadherin is downregulated during C.

trachomatis infection (Raji¢ et al, 2017). Thus, it would be interesting to see if an increase in
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Snail O-GlcNAcylation is implicated in this process. An illustration of the importance of UDP-
GlcNAc in infection came from the recent discovery that O-GlcNAcylation of vimentin was
necessary for intermediate filament assembly and organization during C. trachomatis infection,
creating a nest stabilization the inclusion during bacterial replication (Tarbet et al, 2018). As
the vimentin network is quite substantial, this modification likely creates a local need for UDP-
GlcNAc at the inclusion periphery. GFPT activation by TG2 might be necessary to provide
sufficient UDP-GIcNAc.

V.UDP-GIcNAc production is rapidly consumed in C. trachomatis

infected cells.

In C. trachomatis infected cells, O-GlcNAcylation levels remained unchanged in spite
of TG2 activation. We hypothesized that the UDP-GIcNAc produced by the HBP was
consumed rapidly after its production, so that its concentration did not increase, unlike what
was observed in non-infected TG2-activated cells. Supporting this hypothesis, we observed that
infected cells treated with ionomycin showed a lower increase in O-GIcNAcylation than non-
infected cells (Figure 34B). Beside the fact that a fraction of UDP-GIcNAc might be consumed
in vimentin modification, we considered the possibility that UDP-GIcNAc was imported into
the inclusion lumen by the bacteria, where it would be used for peptidoglycan biosynthesis
among others. Supporting this hypothesis, SLC35D2, a UDP-glucose transporter also known
for transporting UDP-GIcNAc normally present in the ER, was recently described at the
inclusion membrane (Gehre et al, 2016). Reinforcing this idea, we observed that silencing

GFPT1 expression resulted in a 3-fold decrease in progeny (Figure 34B).
Concluding remarks.

Overall, our data place TG2 as a central regulator of host metabolism that is essential to
sustain C. trachomatis infection (Figure 36). First, increase in TG2 during infection allows for
an increase of GLUTI and GLUT3 expression, resulting in an increased influx of glucose,
which is essential for the bacterial developmental cycle. In parallel, TG2 activity leads to the
modification of GFPT, resulting in an increased flux along the HBP. Thus, our work uncovered
an unsuspected link between TG2 transamidating activity and protein modification by O-

GlcNAcylation. Unlike what is observed in non-infected cells, the concentration of the product
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of the HBP, UDP-GIcNAc, does not increase upon TG2 activation and our data suggest that

this metabolite is being rapidly consumed, in particular during bacterial division.

While our data show that C. trachomatis biology exploit TG2 activation to meet its very
specific needs in glucose and glucose derivative during infection, one obvious question raised
by our results is whether TG2 is also implicated in other infections, and if so, whether it also
has a role in metabolic control. Recently, it was reported that TG2 activity was also important
for Mycobacterium tuberculosis intracellular survival and replication in isolated macrophages
and host tissue (Palucci et al, 2018). In that study, TG2 activation was related to an impairment
of autophagy homeostasis, a mechanism completely different from what we have described
here. However, TG2 during M. tuberculosis infection of macrophages could also play an

important role in modifying the glucose metabolism of these cells.

The results presented here in an infectious situation might be relevant in a non-infectious
context. This is already demonstrated regarding the impact of an increase of TG2 on GLUT
expression, previously demonstrated in normal epithelial cells and cancer cells, (Kumar et al,
2014). In the future we plan to test if activation of TG2, described in many cancer cell lines,
correlate with an increase in the HBP, and whether drugs targeting TG2 and/or OGT alleviate
some of the tumorigenic features of these cell lines. In C. trachomatis infection in humans, the
role of this enzyme expressed not only by epithelial cells, but also by immune cells, is very
likely more complex than what we have uncovered in epithelial cells. Still, targeting this
enzyme in female patients suffering from long-term infections by the bacteria may help
diminish the sequalae resulting from chronic infections, and alleviate the current burden they

represent for the society.
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Infection activates TG2 mainly in the second half of the bacterial developmental cycle, when bacterial
need for glucose and its derivatives is highest. TG2 synthesis is enhanced by a positive feedback loop
on its own transcription, and drives the upregulation of expression of glucose transporters. Increase in
glucose uptake is required for optimal bacterial growth: it fuels bacterial metabolism and serves as a
precursor for the synthesis of UDP-GIcNAc, which is used in bacterial division. Activation of TG2 plays
a second essential role in this context as the enzyme covalently modifies GFPT, the enzyme that controls
the entry in the HBP and thereby the level of UDP-GIcNAc in the cell. UDP-GIcNAc is rapidly
consumed in infected cells, in particular in bacterial division.
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ABSTRACT

Chlamydia trachomatis is an obligate intracellular pathogenic bacterium that can only
infect humans. It is the leading cause of sexually transmitted infections of bacterial origin and
can also infect the eye conjunctiva, causing acquired blindness (trachoma).

During its biphasic developmental cycle, C. trachomatis remain in a membrane-bound
compartment called inclusion, separated from the cytoplasm. The bacteria have acquired
several strategies to highjack cellular functions to secure their niche and meet their metabolic
needs.

In this thesis we focused on the impact of a cellular enzyme, the tissue transglutaminase
(TG2), on C. trachomatis development. The main activity of this multifunctional enzyme is a
transamidating activity, i.e. the catalysis of a covalent bound between two proteins or with a
small amine present in the cell.

We have shown that TG2 expression and transamidating activity increased upon C.
trachomatis infection. This increase is necessary for optimal bacterial growth, a conclusion
supported by experiments using a mice knocked-out for the expression of TG2 infected with C.
muridarum.

At the cellular level, we focused our work on the impact of TG2 on cellular metabolism
modification during C. trachomatis infection. We showed that TG2 played a central role in the
control of glucose import in infected cells by regulating GLUT and GLUT3 transcription. In
addition, we identified GIn328 on the enzyme GFPT1 (glucosamine-fructose-6-phosphate
amidotransferase 1), as a target of TG2. GFPT1 is the first and rate-limiting enzyme of the
hexosamine biosynthetic pathway, regulating the synthesis of UDP-N-acetylglucosamine. This
metabolite is used for post-translational modification of proteins by O-GlcNAcylation. Our
work uncovered an unsuspected link between TG2 transamidating activity and O-
GlcNAcylation. This link was disrupted in infected cells, likely because UDP-N-
acetylglucosamine is rapidly consumed by the bacteria in particular to assist division. In
conclusion, our work established TG2 as a key player in controlling glucose-derived metabolic
pathways in mammalian cells, themselves hijacked by C. trachomatis to sustain its own

metabolic needs.



