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<<Sdlo envejecemos de verdad, por dentro,

cuando dejamos de amar y de sentir curiosidad.>>

[We only really age, inside,

when we stop loving and being curious.]

-Elsa Punset, Spanish writer

“Memory is the scribe of the soul”

— Aristotle
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1. INTRODUCTION

1.1 General considerations about the immune system

The immune system is a complex network of organs, tissues, and cells that have evolved
to defend the body against pathogens as well as damaged cells and cancer cells. In order to
prevent tissue injury, the immune system has learnt to distinguish self from non-self and its
response is tightly regulated (Janeway, 1992). In mammals, the immune system is broadly

divided into two main arms: innate and adaptive immunity.

The innate immune system constitutes the first line of defense and protects the host
immediately after infection. It comprises physical barriers (such as the skin, mucus membranes,
and saliva) together with different cell types including granulocytes, monocytes, macrophages,
dendritic cells, mast cells, natural killer (NK) cells, and innate lymphoid cells as well as soluble
proteins, like the complement system. This first innate response is important to restrain the
infection but also to communicate and coordinate the response of the adaptive immune system.
This communication is mediated by direct cell contact and through a broad variety of small
molecules called cytokines. The adaptive immune system constitutes a more delayed line of
defense (takes days to develop), but it is able to provide an enhanced and highly specific
response against the pathogen. Components of the adaptive immune system are the T and B
lymphocytes (including antibody-producing plasma cells), which recognize the pathogen

through highly specialized antigen receptors.

Immunological memory, defined as the capacity to recall and combat previous encounters
with the antigen, is one of the key attributes of the adaptive immune system. This concept has
been long recognized since the ancient Greek times, based on Thucydides’s observations of
plague survivors being “immune” to subsequent waves of the plague epidemic (Crotty and
Ahmed, 2004). The immunological memory presents three main characteristics: 1) it is specific
for certain structures of the antigen, 2) after re-encounter with the antigen the memory cell
provides a more rapid and effective response that is tailored to the nature of the pathogen 3)
this evolutionary advantage last for many years once the antigen is cleared, forming a pool of
persisting memory cells that are either long-lived cells or maintained through homeostatic turn-
over (Crotty and Ahmed, 2004; Farber et al., 2016). T cells and B cells completely fulfill these

characteristics, however, a broader definition of immunological memory may also include some
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innate cells, such as NK cells and macrophages, which present memory-like features (Netea and

Joosten, 2018; Sun and Lanier, 2018).

The focus of this thesis is to study the long-term memory reservoirs in the human small
intestine. Specifically, it aims to characterize the persistence, phenotype, and function of
different populations of memory T cells, including CD8+ and CD4+ resident memory T cells (Trm),

regulatory T cells (Treg) as well as plasma cells (PCs) from human intestinal samples.

1.2 The intestinal immune system

The gut constitutes the largest compartment of the entire immune system (MacDonald,
2008). The huge surface area of the intestinal tract (around 200m? in humans) is the major site
of entry of many pathogens and is continuously exposed to dietary antigens and toxins (Hooper
and Macpherson, 2010). Moreover, the intestine is extensively colonized by trillions of
microorganisms (more than 1000 different species of bacteria, but also fungi and viruses) -
collectively named the intestinal microbiota - that establish symbiotic relations with the host
(Almeida et al., 2019). The main function of the intestinal microbiota is to enhance the host
digestion through the degradation of dietary polysaccharides but also plays a crucial role in
protecting the host. Intestinal microbiota educates the immune system from early in life
(Robertson et al., 2019) and occupies a niche that competes in space and resources with invasive
pathogens. The microbiota is more densely distributed in the ileum and the colon, whereas food
antigens are more dominant in the duodenum and the jejunum, where the absorption of
nutrients takes place (Mowat and Agace, 2014). Therefore, the intestinal immune system has
the enormous challenge of protecting the host against pathogens without damaging the
intestinal tissue as well as maintaining the tolerance against commensals and dietary antigens.
To accomplish this task, the gut contains the greatest number of immune cells in the body, and

these intestinal immune cells present unique adaptations to their local environment.

1.2.1 Anatomy of the small intestine

The intestine comprises several anatomically and physiologically different regions. The
small intestine is divided into three segments: the duodenum (closest to the stomach), followed

by the jejunum and then the ileum. The main function of the small intestine is the digestion and
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absorption of nutrients. In order to increase the surface area to optimize this task, the small
intestine presents finger-like projections known as villi. These villi are covered by a single layer
of enterocytes of which the apical layer contains a brush border or microvilli, to facilitate the
digestion and absorption. Between the villi, surface invaginations called crypts provide a
continuous source of stem cells that give rise to different types of mature epithelial cells (Moor
et al., 2018). A layer of mucus, derived from by mucins that are secreted by the Goblet cells,
helps to limit the contact between the luminal microbiota and the epithelial cell surface (Mowat
and Agace, 2014). In addition, the action of the antimicrobial proteins secreted by Paneth cells
together with the secretory IgA (SIgA) produced by intestinal plasma cells, contribute to prevent

microbial invasion (Hooper and Macpherson, 2010).

The small intestine (SI) is composed of four layers, starting from the lumen: the mucosa
(which is subdivided in lamina propria and epithelium), the submucosa, the muscularis propria
and the serosa. The intestinal immune system also comprises a complex network of lymphoid
structures and highly specialized cells; and functionally, it can be classified as inductive and

effector sites.

Intraepithelial Microvilli
£ lymphocyte (IEL) Lumen B

Enterocyte Commensal
bacteria

/ Mucus layer
LJ Dietary antigens
© 00 Peyer’s patch

~
L 4
l“/ ©_ ¢ © M cell
=

Submucosa

Figure 1. Anatomy of the intestinal immune system. (A) Section of human small intestine stained with
hematoxylin/eosin. (B) The small intestine is exposed to constant antigen stimulation and harbors large
numbers of highly specialized immune cells. PC, plasma cell; SIgA, secretory IgA; CTL, cytotoxic
lymphocyte; IEL, intraepithelial lymphocyte; AMP, anti-microbial peptides; TH cell, T helper cell; Treg cell,
regulatory T cell; BC, B cell; M®, macrophage; DC, dendritic cell; FAE, follicle-associated epithelium; FDC,
follicular dendritic cell; GC, germinal center. Adapted from (Faria et al., 2017), (Mowat, 2003) and (Mowat
and Agace, 2014).



INTRODUCTION

The inductive sites are the main places for antigen sampling and priming of naive
lymphocytes. In the small intestine, the inductive sites are comprised by the draining lymph
nodes (such as the duodenopancreatic and the mesenteric lymph nodes, MLNs), and the gut-
associated lymphoid tissue (GALT), which includes the Peyer’s Patches (PP) and the isolated
lymph follicles (ILFs). Differing from the systemic lymph nodes, PPs and ILFs lack afferent
lymphatics, thus receiving antigen directly from the epithelial surface. The effector sites of the
intestinal immune system are the lamina propria (LP) and the overlying epithelium, which
together accommodate large numbers of end-differentiated antibody-producing B cells (termed

plasma cells, PCs) and T cells (Brandtzaeg and Pabst, 2004; Mowat and Agace, 2014).

The epithelium and the LP are separated by a thin collagen layer called basement
membrane. These two compartments are highly interconnected; however, they present
differences in their immune cell composition: while the LP is densely packed with PCs, T cells
and diverse innate cells (macrophages, dendritic cells, mast cells, and eosinophils), the

epithelium is dominated by T cells (Figure 1).

1.2.2 Intestinal antigen-presenting cells (APCs)

The intestine contains a highly diverse population of mononuclear phagocytes, which includes
conventional dendritic cells (cDC) and monocyte-derived tissue-resident macrophages (Md).
Both populations are professional antigen-presenting cells, thus specialized in sampling and
processing of antigens to be presented to T cells on the surface of MHC-class | and Il molecules.
MHC class | molecules (HLA class | in humans) are constitutively expressed on all the nucleated
cells and display endogenous intracellular peptides (Blum et al., 2013; Vyas et al., 2008). In
contrast, MHC class Il molecules (HLA class Il in humans) are only expressed on immune cells
(DCs, Mds, B cells, and T cells), thymic cortical epithelial cells and certain epithelial cells. MHC-
Il present extracellular antigens that have been degraded in the endosomal/lysosomal pathway
(Roche and Furuta, 2015). In addition, APCs can present engulfed antigens through the MHC
class | pathway to activate CD8+ T cells in a mechanism known as “cross-presentation”

(Ackerman et al., 2006).

Intestinal DCs and Mds play different but complementary roles in regulating the balance
between tolerance and inflammatory responses as well as maintaining tissue homeostasis. They
both express a diverse array of pattern-recognition receptors (PRRs), which allow them to

recognize highly conserved molecules found in harmful or commensal microbes (pathogen-
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associated molecular patterns, PAMPs) (Medzhitov and Janeway, 2002),as well as molecules
released by damaged cells (danger-associated molecular patterns, DAMPs) (Matzinger, 2002).
Furthermore, they are able to secrete many different cytokines and chemokines to regulate and

tailor immune responses.

Different subsets of DCs and Mds share common phenotypic markers (such as HLA-DR,
CD11c, CD11b, CX3CR1), which complicates their correct discrimination. Because of this, to
characterize these cells, it is necessary to distinguish both cell types based on their unique

functional features.

1.2.2.1 Macrophages.
Intestinal Mds are scattered in the LP, where they constitute the major population of APCs, and
some of them can be found in the muscularis region (Faria et al., 2017). All the Mds residing in
the adult intestine are derived from continuous replacement by monocytes, which are recruited
from blood and gradually differentiate in response to the local environment (Joeris et al., 2017).
In human SI, all Mds express HLA-DR and CD14, and during their differentiation through
different intermediary stages, they reduce the expression of monocyte-related markers (such as
CCR2 and calprotectin), while they gradually acquire typical markers of mature macrophages
(CD163, DC-SIGN, etc.) (Bujko et al., 2018). Mds present relatively long-half lives, ranging from

several weeks to several months in human small intestine (Bujko et al., 2018).

Intestinal Mds are particularly efficient at the uptake of soluble and particulate antigens
as well as the elimination of microbes and dead cells by phagocytosis. At the steady-state, they
perform this scavenger function while maintaining an anti-inflammatory microenvironment and
without releasing pro-inflammatory factors (Bujko et al., 2018; Richter et al., 2018). Intestinal
Mds produce the anti-inflammatory cytokine IL-10, which contributes to the local maintenance
of regulatory T cells (Treg cells), especially in the colon (Cerovic et al., 2014; Joeris et al., 2017).
Moreover, Mds actively contribute to tissue remodeling and epithelial cell renewal (Cerovic et

al., 2014).

1.2.2.2 Dendritic cells.
Intestinal DCs present a short lifespan in the tissue (days), and therefore they need to be
continuously replenished by bone marrow (BM) derived committed precursors (pre-DC cells)
(Richter et al., 2018). DCs are classified in two major subsets: plasmacytoid DCs (pDCs) and
myeloid or conventional DCs (cDCs). pDCs are important mediators of anti-viral responses
through the production of high amounts of type-l IFNs (Collin and Bigley, 2018). pDCs are

abundant in blood, but very scarce in the intestinal mucosa (Raki et al., 2013). cDCs are efficient

9



INTRODUCTION

at antigen-presentation and, unlike Mds, have the unique capacity to migrate to the draining
lymph nodes, where they can prime naive T cells. cDCs can be further classified into cDC1 and
¢DC2 subsets (Collin and Bigley, 2018). cDC1 cells promote Tyl responses and present higher
capacity to activate CD8+ T cells through cross-presentation. In contrast, cDC2 cells promote T2

and Ty17 responses (these concepts will be further explained in the T-cell chapter).

1.2.2.2.1  Routes of antigen uptake in the small intestine.

In the organized-lymphoid structures of the small intestine (PPs and ILFs), luminal microbes are
sampled by transcytosis via microfold (M) cells in the follicle —associated epithelium (FAE). The
antigens are then transferred to DCs that are located below the FAE, in the subepithelial dome
(Schulz and Pabst, 2013). Diverse populations of DCs that reside in the LP can also sample luminal
antigens, which are transported across the villous epithelium through different mechanisms.
Several mechanisms have been proposed: endocytosis of infected or apoptotic epithelial cells,
extension of trans-epithelial dendrites of the DC to the lumen, direct transfer from neighboring
tissue-resident Mds (Mazzini et al., 2014), and transcytosis through goblet cell conduits (Cerovic
et al., 2014). In addition, enterocytes express on their surface the neonatal Fc receptor (FcRn),
which binds antibody-antigen complexes and facilitates their transport across the epithelium by

transcytosis (Mowat, 2018).

1.2.2.2.2  Functions of intestinal dendritic cells

After antigen uptake and activation, DCs upregulate CCR7, allowing them to migrate to the MLNs
via afferent lymphatics. DCs arrive at the lymph node as fully mature non-phagocytic cells
expressing co-stimulatory molecules (CD80/CD86). DCs are then well-equipped to provide the

signals to activate naive T cells and drive their proliferation and differentiation.

DCs located at the PPs and those migrating to MLNs express enzymes to metabolize
retinoic acid (RA), which is the acidic form of vitamin A. RA has an important role on the intestinal
immune system, acting in different processes. First, it promotes the imprinting of gut homing
receptors on T cells and B cells. Second, it contributes to the local generation of Foxp3+ Treg cells
together with TGF-B. Last, RA mediates class-switching to IgA in B cells in both PPs and MLNs
(Bekiaris et al., 2014). Intestinal DCs also express the integrin ayBs, which has the capacity to
cleave the latent TGFB into its active form (Fenton et al., 2017). Active TGF- is essential for the
regulation of different T-cell subsets, promoting the differentiation of Foxp3 T regulatory cells

(Treg), Th17 cells and intraepithelial lymphocytes (IELs).

10
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The functional properties of intestinal DCs can be altered by elements in the intestinal
microenvironment, such as epithelial cell-derived factors (i.e. thymic stromal lymphopoietin,
TSLP), and several dietary and bacterial metabolites in a process known as local conditioning
(Coombes and Powrie, 2008). The consequences of this local conditioning on T cell polarization

will be explained further in the text.

1.2.2.2.3 Human dendritic cell subsets

The human Sl contains three main DC subsets, all of them can be also found in MLNs even at the
steady-state. Human intestinal DCs are HLA-DR+ CD11c+ CD14-, but can be distinguished based
on the differential expression of CD103 and SIRPa. The predominant subset, CD103+ SIRPa+
DCs, also express CD1c and IRF4, thus belonging to the cDC2 lineage. This population produces
the highest amounts of the enzyme responsible to metabolize RA and the highest expression of
ovBs (Fenton et al., 2017). In line with this, CD103+ SIRPa+ DCs exhibit enhanced capacity of in
vitro gut-imprinting of T cells and Foxp3 induction compared to the other DC subsets (Joeris et
al., 2017). In contrast, CD103+SIRPa- DCs express markers specific for cDC1 lineage (e.g. DNGR-
1, XCR1, CD141, and TLR3) and are dependent on BATF3, ID2 and IRF8 expression for their
development. In mice, XCR1+ DCs have been shown to play a key role in cross-presenting
antigens to CD8+ T cells (Cerovic et al., 2015). The third subset, CD103- SIRPa+ DCs, present
heterogeneous expression of monocyte-related markers (like CCR2 and calprotectin) and are
transcriptionally and functionally very similar to intestinal Mds (Richter et al., 2018), suggesting

that this subset comprise a mixed population of bona fide DCs and monocyte-derived cells.

1.2.3 Intestinal plasma cells and IgA production

The main function of B cells is to produce antigen-specific antibodies (also termed
immunoglobulins, Ig). Each B-cell clone produces immunoglobulins with a unique specificity.
Immunoglobulins can be synthesized as soluble proteins or membraned-bound, forming the B-
cell receptor (BCR). Immunoglobulins are composed of two identical heavy chains and two light
chains, which are joined by disulfide bonds. Immunoglobulins can be also separated into two
fragments with different functions, termed the Fab (antigen-binding fragment) and the Fc
(crystallizable fragment). The Fab fragment contains the variable regions of the antibody that
recognize the antigen, whereas the Fc includes the constant region responsible for specific
effector functions, such as binding to Fc receptors on macrophages and phagocytes or activation

of complement. There are five isotypes of immunoglobulins (IgG, 1gD, 1gM, IgA, and IgE), each
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one presenting different Fc fragments involved in different effector mechanisms (Schroeder and

Cavacini, 2010).

B cells develop in the BM from common lymphoid progenitors that give rise to pro-B
cells. During their differentiation, each B-cell precursor undergoes individual rearrangement and
assembly of the immunoglobulin genes in several consecutive steps. The first step involves the
recombination of the V (variable), J (junction) and D (diversity) gene segments encoding the
heavy chains, followed by similar V-J recombination of the light chains during the pre-B cell stage
(Herzog et al., 2009; Schlissel, 2003). This maturation process gives rise to immature B cells,
which express a surface IgM receptor and undergo negative selection. Self-reactive B-cell clones
are eliminated during the negative selection, and the surviving immature B cells leave from the
BM to the periphery and differentiate into mature IgM+ IgD+ B cells (Nemazee, 2017). Mature
naive B cells migrate to peripheral lymphoid organs, where they can encounter their specific
antigen and differentiate into memory B cells and antibody-secreting PCs. Further maturation
of the antibody repertoire enhances the binding to the antigens and the effector functions.
Class-switch recombination (CSR) and somatic hypermutation (SHM) are the crucial events for
antibody maturation, and both require activation-induced cytidine deaminase (AID). CSR
exchanges the gene encoding the heavy chain constant region with a new set of constant genes
downstream through a deletion/recombination process. SHM involves the insertion of point
mutations in the variable region of the antibody to modify the affinity for the antigen (Xu et al.,

2012).

The gastrointestinal tract contains the largest population of PCs in the body (Pabst et al.,
2008). Small intestinal PCs are located in the LP where they produce massive amounts of
secretory antibodies, predominantly IgA (79%), but also IgM (18%) and 1gG (3%) (Brandtzaeg et
al., 1999). Intestinal secreted IgA (SlgA) is produced as a dimer and is actively transported across
the epithelial barrier by the action of the epithelial polymeric Ig receptor (plgR) (Brandtzaeg,
2013). The transcytosed SIgA binds to luminal bacteria, preventing their contact with the
epithelium and their access across the epithelial barrier (Pabst and Slack, 2019). As part of its
immune-exclusion function (see Figure 2), SIgA targets both commensal bacteria and pathogenic
bacteria and toxins. SIgA-coated bacteria may agglutinate forming clumps, which promotes their

clearance through peristalsis (Bunker and Bendelac, 2018).
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Figure 2. Functions of intestinal SIgA. Reprinted from Immunity 2018, 49/ 2, Jeffrey J. Bunker and Albert
Bendelac, IgA Responses to Microbiota, 211-224, © 2018, with permission from Elsevier.

Intestinal PCs can be produced through T cell-dependent and T cell-independent
responses, though it is still controversial whether this last mechanism occurs in humans (Spencer
and Sollid, 2016). Intestinal PC are mostly generated in PPs and MLNs through a T cell-dependent
pathway. This process involves interactions between B cells and CXCR5+ T follicular helper (Ten)
cells in the follicles of the germinal centers (GC). The stimulation and cytokines provided by the
Teu cells (through CD40-L, ICOS, 1L-21, and IL-4) and follicular dendritic cells (through TGF-B,
BAFF, and IL-6) promote B cells to undergo extensive proliferation, somatic hypermutation (SHC)
and class-switch to IgA (Brandtzaeg, 2013; Gutzeit et al., 2014). Activated B cells emerging from
the GC-reaction upregulate asf; and CCR9 gut homing receptors in response to the RA produced
by DCs in the PPs, and migrate to the LP via blood. Once in the LP, B cells differentiate to
antibody-secreting PCs (Spencer and Sollid, 2016). The observation that mice genetically lacking
T cells retained substantial production of SIgA suggested that T-cell independent pathways may
contribute to the generation of IgA-producing PCs. T cell-independent responses might also take
place in LP and ILFs, because mice lacking GALT retain some IgA production (Fagarasan et al.,
2001; Suzuki and Fagarasan, 2009). In the LP, DCs can capture luminal antigens through
transepithelial projections and receive conditioning signals from epithelial cells. DCs can then
present their cargo to B cells in the LP or ILFs and secrete BAFF and APRIL. IL-6 produced by LP
stromal cells together with BAFF and APRIL from DCs induce class-switch recombination in
activated B cells and promote their survival as PCs (Bunker and Bendelac, 2018; Suzuki et al.,

2007).

An early study in mice showed that intestinal PCs present a half-life of 4.7 days (Mattioli
and Tomasi, 1973), suggesting that the PC pool is highly dynamic. More recent studies found
that constant antigenic attrition induces extensive remodeling of the PC repertoire in the

intestine (Hapfelmeier et al., 2010). This led to the prevailing notion that a rapid PC turnover
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assures the generation of protective responses against a highly diverse and changing array of
microbial and dietary antigens. In this scenario, pre-existing PC populations in the LP are
constantly displaced by newly generated PCs with renovated antigen specificities that reflect the
current luminal content. However, PCs generated in mice during oral infection with cholera toxin
were found to persist in the LP for up to 9 months after immunization (Lemke et al., 2016).
Despite that human intestinal PCs and BM long-lived PCs present some common phenotypic and
transcriptional features (Nair et al., 2016), direct evidence of long-lived PCs in the human
intestine is lacking. Further studies are needed to determine whether the intestinal PC pool

contains cells with different durability and how long-lived PCs can persist in the human gut.

1.2.4 Intestinal T cells

1.2.4.1 T-cell development
T cells originate from lymphoid precursors in the BM that migrate to the thymus, where their
maturation takes place. In humans, thymic T cell development starts in utero as early as 9 weeks
of gestation, peaks during the first decade of life and declines after puberty, due to progressive
thymus involution (Kumar et al., 2018a). During their maturation, the developing T cell
progenitors within the thymus (named thymocytes) undergo several differentiation and
selection steps that involve interactions with thymic stromal cells and APCs (Anderson and
Jenkinson, 2001). As a result, the majority of the T cells generated in the thymus express a

functional ap-T cell receptor (TCR), and 5% bear a y&-TCR.

Initially, thymocytes lacking CD4 and CD8 co-receptor expression (double-negative, DN)
rearrange the TCR-B chain locus. Thymocytes that successfully complete TCR- rearrangements
receive survival signals and upregulate the expression of the CD4 and CD8 co-receptors,
becoming double positive (DP) cells. DP thymocytes then rearrange the TCR-a chain and
undergo positive selection in the cortex (Spits, 2002). During the positive selection, only cells
with a productive af3-TCR able to recognize self-peptide — MHC complexes with enough affinity
survive and continue their differentiation. Thymocytes recognizing peptides presented on MHC
Il molecules during the positive selection gave rise to mature CD4+ T cells, whereas cells
belonging to the CD8+ T-lineage recognize peptides bound to MHC | molecules (Spits, 2002). The
subsequent negative selection takes place in the medulla, where thymocytes that bind too
strongly to self-antigens presented on MHC molecules are eliminated (Kurd and Robey, 2016).

The majority of the thymocytes (around 98%) fail this selection process and die by apoptosis,
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but those surviving can then exit the thymus as CD4+ or CD8+ single-positive (SP) mature naive
T cells. Natural regulatory T cells (nTr) express the transcription factor Forkhead box P3 (Foxp3)
and represent around 10% of human SP CD4+ T cells (Kumar et al., 2018a). Mature naive cells
leaving the thymus express CD45-RA and the chemokine receptor CCR7, which allows them to
migrate to secondary lymphoid organs (SLOs), including lymph nodes (LN) and the white pulp of
the spleen (Sallusto et al., 1999; von Andrian and Mackay, 2000).

1.2.4.2 T-cell receptor repertoire

The TCR is a heterodimer of a- and B-chains (or y- 6-chains) that recognizes peptides presented
in either MHC class-I and class-Il molecules (MHC restriction). In this section | will focus on
TCRap+ T cells. On the T cell surface, the TCR is associated with a complex of four signaling
subunits (one y-, one &-, and two €) known as CD3, and a cytosolic homodimer of { subunits. The
cytosolic regions of the TCR complex contain immunoreceptor tyrosine-based activation motifs
(ITAMs) to transmit intracellular signals after TCR ligation, ultimately leading to T-cell activation
(Call et al., 2002). The additional binding of the co-receptor to the MHC molecule stabilizes the
interactions between the TCR and the peptide-MHC complex, facilitating TCR signaling (Konig et
al., 1992).

The organization of the TCR gene segments is similar to that of immunoglobulin gene
segments. The TCR chains consist of a variable region, important for antigen recognition, and a
constant region. The TCRa locus contains variable (V) and joining (J) gene segments, whereas
the TCRP locus contains additional diversity (D) gene segments (Figure 3). During VD)
recombination, one random allele of each gene segment is progressively rearranged to the
others and random nucleotides are added and/or deleted at the junctional sites between the

gene segments (Davis, 1990; Davis and Bjorkman, 1988).

In humans, the pool of mature naive T cells is highly diverse, consisting of more than 100 million
different specificities (termed T-cell clonotypes) that are maintained over decades of life (den
Braber et al.,, 2012; Qi et al., 2014). This extraordinary diversity is generated during T cell
development by random combinations of germline segments (combinatorial diversity) and by

random additions or deletions at the junction sites (junctional diversity) (Schatz and Ji, 2011).

The sequence encoded by the V(D)J junction is called complementary determining

region 3 or CDR3. The CDR3 is the region of the TCR in direct contact with the peptide antigen,
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and present the highest variability in both alpha and beta chains. For this reason, populations of

T cells carrying identical CDR3 sequence are often defined as a clonotype.
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Figure 3. TCR gene arrangement. (A) Genomic organization of TRB and TRA loci. The human TRA locus is
located at the chromosome 14 and contains 54 TRAV genes (belonging to 41 subgroups), 61 TRAJ gene
segments and a unique TRAC gene. The TRB locus is at the chromosome 7 and consist of 64 to 67 TRBV
genes (belonging to 32 subgroups), 13 TRBJ and 2 TRBC genes (Lefranc, 2001). Repertoire diversity is
generated by V(D)J recombination of TCR gene segments, additional insertions and deletions at the
junctional sites and pairing of TCRa and TCRB chains. (B) Productive arrangements of TCRa and TCR
transcripts. (C) TCRap heterodimer on the T cell surface. Each chain is organized in a constant region and
a variable region, the last one responsible for antigen recognition. Adapted from (De Simone et al., 2018).

Additional diversity is achieved by the pairing of TCRa and TCRp chains, and the total
number of combinations in the TCRap repertoire is estimated at 10'®in humans (Arstila et al.,
1999; Sewell, 2012). However, positive and negative selection in the thymus purges most of the
specificities, creating a naive repertoire that is substantially less diverse. Furthermore, antigen
exposure in the periphery shapes the repertoire over time, leading to clonal expansion of

antigen-specific populations. (Qi et al., 2014; Rudd et al., 2011).

1.2.4.3 T-cell priming
T-cell responses are initiated when a naive T cell encounters an APC (usually a DC) in organized
lymphoid tissues. The activation of the naive T cell requires the integration of multiple signals

through sustained interaction with the DC, leading to the formation of an immune synapse
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(Dustin, 2014). In the first event of the T-cell priming, naive T cells must recognize their specific
antigen processed and presented in the groove of MHC molecules and ligate its co-receptor
(signal 1). Then, to get fully activated naive T cells need to receive the appropriate co-stimulatory
signals (signal 2) provided though CD28 ligation by CD80/86 molecules on the DC (Baxter and
Hodgkin, 2002). In addition, cytokines produced by the DC (signal 3) promote the proliferation

and polarization into different effector cells.

Only activated DC present high levels of co-stimulatory molecules. The co-stimulatory
signals are first delivered by CD80/86, but later other co-stimulatory receptors, such as CD40, 4-
IBBL, CD70 and OX-40L engaging their corresponding ligands on the T cell (CD40L, 4-1BB, CD27,
and OX40 respectively) are also involved to modulate the threshold for T cell activation (Chen
and Flies, 2013). Both signal 2 and 3 depend on interactions of the DC with the pathogen (for
example, through TLR activation) and the surrounding microenvironment (through
inflammatory cytokines, danger signals, conditioning signals from the tissue, etc.) (Curtsinger
and Mescher, 2010; Kapsenberg, 2003). As a result, activated pathogen-specific T cells undergo
extensive clonal expansion, driven by IL-2 expression, and migrate to the site of infection to
execute their effector functions. Once the pathogen is cleared, the majority of the effectors die
by apoptosis during the contraction phase, and only a small fraction survives as long-lived

memory T cells (Kaech et al., 2002; Williams and Bevan, 2007).

1.2.4.4 Effector T- cell subsets

In order to fight against a broad variety of pathogens (viruses, bacteria, parasites) the host must
mount specialized immune responses tailored to the insult encountered. The cytokine milieu
during the activation of naive T cells (signal 3) induces a specific gene expression program, which
is regulated by modifications in the chromatin structure and activation of certain transcription
factors in the differentiating cells (Weng et al., 2012). The resulting effector T cells can be
broadly segregated into CD8+ “cytotoxic T lymphocytes, CTLs” and several subsets of CD4+ “T

helper,Ty cells”.

1.2.4.4.1 Cytotoxic T lymphocytes

CD8+ T cells are essential in the defense against viruses, intracellular bacteria and cancer due to
their capacity to directly kill infected or malignant cells. CTLs recognize intracellular peptides

bound to ubiquitously expressed MHC class | molecules, and after TCR engagement they release
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and direct their cytotoxic granules towards the target cell, inducing its death. Target cell killing
is mediated with great precision, avoiding tissue damage (Zhang and Bevan, 2011). To
accomplish that, CTL activation is tightly controlled by different mechanisms, for example
through the expression of several co-inhibitory and co-stimulatory receptors that bind their
ligands on the surface of the DC (Chen and Flies, 2013). Moreover, CD4+ T cell help is needed to
support robust CTL responses through the “licensing” of DCs, with both the CD4+ T cell and the
CTL recognizing antigens presented on the same DC (Laidlaw et al., 2016; Williams and Bevan,

2007).

CTLs can kill several consecutive target cells rapidly because they store preformed
cytotoxic granules, which contain perforin, granulysin and serin proteases named granzymes
(Halle et al., 2017). Perforin first acts forming pores in the membrane of the target cell and
guiding the delivery of granzyme. In humans, there are 5 types of granzymes (A, B, H, K, and M).
All the granzymes are secreted as inactive proenzymes that mediate proteolysis once inside the
target cell, inducing cell-death by different mechanisms (Chowdhury and Lieberman, 2008;
Lieberman, 2003). Granzyme B, the best-studied, mediates cleavage and activation of caspase-
dependent apoptosis. CTLs express FASL and can also kill through the FAS pathway, by activating
the apoptosis in target cells expressing FAS. This mechanism is important for lymphocyte
homeostasis, regulating the lymphocyte number during the contraction phase (Barry and

Bleackley, 2002).

Apart from their cytolytic activity, most CTLs also produce cytokines, including
interferon-gamma (IFN-y), interleukin 2 (IL-2), and tumor necrosis factor alpha (TNF-a) (van
Aalderen et al., 2014). IFN-y inhibits viral replication, and induces MHC class-I and Il expression
and Mo activation, whereas TNF-a increases the antimicrobial action of the Mds and induces
the recruitment of other immune cells (Kopf et al., 2010). Some degree of heterogeneity exists
among effector CD8+ T cells regarding their cytotoxic capacity and the ability to produce
individual or multiple cytokines. The responses characterized by CTLs producing two or more
cytokines simultaneously (IFN-y, IL-2, and TNF-a) correlate with enhanced protection against

infections (Seder et al., 2008) and superior anti-tumor immunity (Ott et al., 2017).

The generation of IFN-y and IL-12 cytokines in response to intracellular pathogens
promotes CD8+ T cells to differentiate into CTLs (Cox et al., 2013). The T-box transcription factors
T-bet and Eomesodermin (Eomes) have crucial roles controlling the cytotoxic differentiation
program, for example by inducing the expression of IFN-y, granzyme B and perforin (Kaech and

Cui, 2012) (Figure 4).
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1.2.4.4.2 T helper subsets

Effector CD4+ T cells (also termed T helper cells) support immune responses by producing
cytokines, which induce neighboring cells (such as APCs, CD8+ T cells and B cells) to perform
specific functions, or chemokines that recruit other immune cells. The Ty responses comprise

diverse subsets, including Ty, Tu2, Tul7, Tu9, Tu22, Ten, and Treg cells (Figure 4).

Tul cells promote cell-mediated responses against viruses and intracellular bacteria
(such as Listeria or mycobacteria) (Mosmann and Coffman, 1989). In response to these
pathogens, innate cells (mainly DCs) produce IFN-y and IL-12 that drive Tyl differentiation
through the activation of Signal Transducer ad Activator of Transcription (STAT)4 and the
transcription factor T-bet (Zhu and Paul, 2008; Zhu et al., 2010). Tu1 cells express the signature
cytokine IFN-y, which induces M activation. Additionally, they also produce IL-2, lymphotoxin-
alpha (LT-a), and TNF-a that promote Md¢, NK cells and CD8+ T cells to mediate pathogen
clearance (Commins et al., 2010). However, a dysregulated Tyl function can lead to

inflammatory conditions and tissue destruction (Kopf et al., 2010).

Tu2-cell polarization occurs when the naive T cell is activated in the presence of IL-4,
produced in response to extracellular parasites. IL-4 activates STAT6 and induces the expression
of GATA3, the master transcription factor of Ty2 cells (Murphy and Reiner, 2002). GATA3 blocks
the expression of IFN-y, thus suppressing the differentiation into the Ty1 lineage, and promotes
the expression of IL-4, IL-5, and IL-13 (Li et al., 2014; Mucida and Cheroutre, 2010). These
signature cytokines activate eosinophils, mast cells, basophils, and mediate IgE production by B
cells in order to clear the parasite. Ty2 responses are also involved in the development of allergy

and asthma (Paul and Zhu, 2010).

TGF-B contributes to reprogram Ty2 cells into a new subset of Ty cells, named Tn9 cells.
Like Tu2 cells, T49 cells are involved in the defense against parasites but they are characterized
by the secretion of IL-9. Ty9 cells are potent activators of mast cells, and stimulate mucus

production (Koch et al., 2017).
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Figure 4. Transcriptional regulation of CD8+ and CD4+ T cell effector subsets. The environmental
conditions, such as the exposure to a diverse array of pathogens, determine which cytokines (signal 3) the
APC will produce. Naive CD8 T cells differentiate into CTLs in response to IFN-y and IL-12. When a naive CD4
T cell gets activated by an APC, it can develop into several functional Th subsets. The cytokines in the
microenvironment polarize the Th differentiation by activating signal transducers and activators of
transcription (STAT) proteins that induce the expression of master transcription factors. The resulting Th
subset will promote an immune response tailored to the pathogen encounter. When pathogens are absent,
the environment favor the development of T regulatory cells (Tregs). iTreg: induced Treg cell. RA: Retinoid
acid; SMADs: SMAD proteins, are the signaling transducers for receptors of the TGF-B superfamily. Th: T
helper subsets; Tfh: T follicular helper.

Tul7 cells are produced in response to extracellular bacteria (e.g. Staphylococcus
aureus) and fungi, such as Candida albicans (Zhu et al., 2010). Moreover, pathogenic Ty17 cells
have been characterized in the context of a variety of autoimmune diseases, such as multiple
sclerosis, rheumatoid arthritis or inflammatory bowel disease (IBD) (Yang et al., 2014). Ty17
differentiation is initiated when the naive T cells is activated in the presence of IL-6 and TGF-B
and receives a sustained stimulation with IL-23 and IL-21 (Basso et al., 2009). Together, this
cytokine milieu promotes the activation of STAT3 and the expression of the transcription factor
ROR-yt, which induces IL-17 production (Li et al., 2014). IL-17, together with IL-6 and IL-8,
mediates the activation and recruitment of neutrophils to the site of infection (Commins et al.,
2010). The importance of IL-17 is highlighted in patients with genetic diseases causing low levels
of IL-17 (i.e. hyper-IgE syndrome), whom suffer from severe fungal and bacterial recurrent

infections (Ma et al., 2008).

Tu22 cell development depends on the expression of the aryl hydrocarbon receptor

(AhR) that induces the production of high levels of IL-22 without IFN-y, IL-4 or IL-17 expression
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(Eyerich et al., 2009). IL-22 acts on epithelial cells promoting the secretion of anti-microbial
peptides. Ty22 cells express the skin-homing receptors CCR4, CCR6 and CCR10, and have been

involved in wound healing, but also in the pathogenesis of some skin diseases (Fujita, 2013).

Follicular helper T cells (Tgu,) constitute a CD4+ Ty cell subset specialized in providing help
to B cells in the germinal centers. Therefore, Try cells are characterized by the expression of
CXCR5, the chemokine receptor required for homing to B cell follicles. Ten differentiation
requires the expression of the transcription factor Bcl6, induced by the cytokines IL-21 and IL-
27. Tey cells express a variety of cytokines and costimulatory molecules (such as ICOS) to
promote class-switching and production of high-affinity antibodies during the germinal center

reactions (Breitfeld et al., 2000; Mucida and Cheroutre, 2010; Zhu et al., 2010).

In addition to the effector subsets described above, which are involved in activating
target cells to promote pathogen clearance, another group of CD4+ T cells has a regulatory
function. These regulatory T cells (Treg) play a crucial role in limiting the immune responses to
prevent immunopathology and promoting tolerance to self- and innocuous antigens. The master
transcription factor controlling the development, maintenance, and function of T cells is
Forkhead box P3 (Foxp3). Patients with [IPEX syndrome (immune dysregulation,
polyendocrinopathy, enteropathy, X-linked) have mutations in FOXP3 that cause broad
multiorgan autoimmunity (Sakaguchi et al., 2008). Based on their origin, Treq cells can be divided
into natural Treg (NTreg) cells and induced Treg (iTreg) cells. NTreg cells are produced directly in the
thymus following recognition of self-antigens by the TCR. In contrast, iT. cells recognize
exogenous antigens in the peripheral tissues and are generated under the influence of
environmental factors, such as TGF- B and retinoid acid (RA), in the absence of inflammatory
cytokines (Whibley et al., 2019). Both populations of T cells present high CD25 (IL-2 receptor
a-chain) surface expression and low levels of the IL-7 receptor (CD127). It is been suggested that
the expression of the transcription factors Helios and neuropilin-1 (Nrp-1) can be used to
distinguish between nT.g and iTrg cells, based on the higher expression of these two markers
on nTreg cells (Singh et al., 2015; Thornton et al., 2010). Helios seems to be a more specific marker
for nTrg cells than Nrpl given that TGF-B can induce Nrpl expression in vivo and in vitro.
However, other studies also question the role of Helios as nT.g cell-marker, because Helios
expression can be induced during T-cell activation and proliferation (Akimova et al., 2011).
Regardless of their origin, Treg cells exert their suppressor functions by different mechanisms.
This mechanisms include the production of anti-inflammatory cytokines (such as IL-10 and TGF-

B), as well as direct cell-contact mechanisms to promote the suppression of effector T cells (by
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cytolysis of target cells) or the disruption of the APC functionality (via receptors such as CTLA-4
and LAG-3 expressed on T cells) (Georgiev et al., 2019; Vignali et al., 2008).

Type 1 regulatory T cells (Tr1 cells) also perform their suppressive activity releasing large
amounts of IL-10 and TGF-B, but unlike Treg cells, Tr1 cells lack Foxp3 expression (Roncarolo and
Gregori, 2008). Tr1 cells are generated after activation of naive CD4+ T cells with antigen in the
presence of IL-10 (Roncarolo et al., 2006), and can be distinguished from other CD4+ Ty and
regulatory cell subsets by the co-expression of CD49b and lymphocyte activation gene 3 (LAG-
3) (Gagliani et al., 2013).

1.2.4.4.3 Effector T cell plasticity and heterogeneity

Early studies into Ty differentiation using simple and fixed in vitro polarization conditions
suggested that Ty subsets were distinct and stable lineages. However, recent in vivo reports have
revealed that Ty subsets display a certain degree of plasticity and heterogeneity, showing that
functionally mixed phenotypes exist. This plasticity can be explained by the action of the
immunological context and the cytokine milieu influencing the fate of committed effector T cells,
which leads to the co-expression of master transcription factors or signature cytokines from
another Ty lineages. There is evidence showing that the route of infection may dictate the Ty
subset differentiation in vivo. For example, intravenous or intranasal infection with Listeria
monocytogenes has reported to induce Tyl or Tyl7 cells, respectively (Pepper et al., 2010). In
the mucosal tissues, the properties of the DC cells are influenced by the conditioning signals
received from epithelial cells (Lambrecht and Hammad, 2003; Rescigno, 2014). Besides the DCs,
other types of innate cells (such as neutrophils, y6-TCR T cells, NK cells, basophils) provide

cytokines that contribute to Ty differentiation (Murphy and Stockinger, 2010).

It is still unclear whether some new Ty subsets represent distinct lineages or just
alternative pathways of cellular activation in response to changes in the microenvironment
during infection. In this regard, Tu9 cells may just represent an adaptation of Ty2 cells (Murphy
and Stockinger, 2010). Similarly, Ten present high degree of plasticity and are able to produce
IFN-y, IL-4, and IL-17. For this reason, it is still debated whether Tgy cells represent a committed
lineage or just different Ty effectors that acquire CXCR5 expression and migrate to the B follicles
(Sallusto, 2016). Moreover, several studies have shown that T cells may co-express Foxp3 with
other signature transcription factors (T-bet, IRF4, STAT3), making them able to exert selective
suppression of certain effector subsets (Sungnak et al., 2019). Some reports also suggest that
Foxp3 expression is quite unstable and under certain conditions T cells can downregulate

Foxp3 and acquire inflammatory Ty or Tey features (Mucida and Cheroutre, 2010; Zhang et al.,
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2017). On the other hand, transient Foxp3 expression can be found on activated non- T,y CD4+
T cells (Wang et al., 2007), indicating that Foxp3 expression alone may not be enough to induce

regulatory T cell activity.

Despite that cytotoxic function seems to be the common feature of CD8+ T cells, the
cytokine milieu can also influence their cytokine profile in a similar way than CD4+ T cells, giving
rise to Tc2 cells (Th2 analogue) and Tc17 (Tyl7 analogue) subsets (Annunziato et al., 2015; Yen
et al., 2009). Similarly, cytotoxic CD4+ T cells have been described. These cells display direct
cytolytic activity mediated both by perforin/granzymes and FAS, in an MHC-class Il fashion
(Swain et al., 2012).

1.2.4.5 Intestinal T-cell subsets

The gut contains large numbers of T cells localized in the GALT or scattered in the lamina propria
(LP) and the epithelium. CD4+ and CD8+ T cells populate the LP at an approximate ratio of 2:1
at the steady state, like the ratio of the peripheral blood T cells. The epithelium harbors a
heterogeneous population of lymphocytes, termed intraepithelial lymphocytes (IELs), most of

them being CD8+ T cells.

1.2.4.5.1 Intraepithelial T cells

In the human small intestine, IELs are located at the basal membrane between the enterocytes
at a frequency of 10-15 IELs per 100 enterocytes (Ferguson, 1977; Mowat and Agace, 2014). The
integrin CD103 (aE), which binds epithelial cadherin (E-cadherin) on the surface of the
enterocytes (Schon et al., 1999), is abundantly expressed by IELs, allowing them to accumulate

in the intestinal epithelium.

In mice, IE T cells comprise a variety of subsets with different lineages that can be
divided into conventional (induced) and unconventional (natural) IELs. Conventional IELs express
TCR-ap together with the CD8af heterodimer or CD4 co-receptors (Figure 5). Conventional IELs
originate from naive T cells that have recognized antigens in the secondary lymph nodes and are
MHC class I- or class II- restricted (Hayday et al., 2001). In contrast, unconventional IELs express
either TCR-aB or TCR-y8, and most lack CD8B or CD4 expression but express CD8aa
homodimers. The CD8aa strongly binds the thymic leukemia antigen (TL), a non-classical MHC
class | molecule expressed in the thymus and on small intestinal epithelium. In contrast to
conventional CD4 and CD8af co-receptors, CD8aa functions as a repressor of the TCR activation
(Cheroutre and Lambolez, 2008). Unconventional IELs arise from DP thymic precursors that

recognize self-ligands with very high affinity and escape clonal deletion undergoing an
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alternative maturation process termed agonist selection. Unconventional IELs acquire their
effector program in the thymus and then migrate directly to the intestinal epithelium. During
gestation and at birth, unconventional IELs populate the intestines, decreasing with the age;
whereas, conventional IELs are scarce at birth but increase after exposure to antigens with age

(Cheroutre et al., 2011; McDonald et al., 2018).

In humans, the intraepithelial T cell compartment is composed of antigen-experienced
TCR-ap CD8af+ cells (70-80%), TCR-ap CD4+ cells (10-15%) and TCR-y&+ cells (5-20%) (Abadie
et al., 2012) (Figure 5). Unconventional TCR-aff CD8aa+ cells are apparently absent in humans.
However, TCR-y6+ IELs can express CD8aa (Mayassi and Jabri, 2018), and the existence of a TCR-

of CD8aa+ human counterpart is still unclear (Mayassi and Jabri, 2018; Schattgen et al., 2019).
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Figure 5. Distribution of the major intraepithelial lymphocyte subsets in SI of humans and mice

(A) Human intraepithelial lymphocyte subsets. (B) Murine intraepithelial lymphocyte subsets.
Percentages are taken from (Abadie et al., 2012) (C) Flow- cytometric analysis of the intraepithelial cell
compartment in human small intestine.

IELs are not static, they are constantly patrolling between the intestinal epithelial cells,
and they display potent cytolytic activity and a Tnl cytokine profile. These functions are
enhanced by exposure to IL-12, IL-15, and IL-18 cytokines produced by intestinal epithelial cells
and LP APCs or by engaging of co-stimulatory NK cell receptors (such as CD161, NKG2D, 2B4),
which are broadly expressed on all the IEL subsets (Jabri and Ebert, 2007; McDonald et al., 2018).
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IELs also express a broad array of co-inhibitory NK cell receptors (such as CD94/NKG2A) that
suppress cytotoxicity and cytokine secretion, which ensures they maintain an “activated yet
quiescent” state. Through these activating /inhibitory NK receptors IELs sense the inflammatory
and stress signals from the tissue microenvironment, which modulates their TCR activation
threshold (Jabri and Ebert, 2007). Studies in germ-free mice and mice on an “antigen-free” diet
showed that these animals presented reduced numbers of IELs compared to conventional mice,
highlighting that IEL differentiation is strongly influenced by the intestinal microenvironment

(Cheroutre et al., 2011).

In addition to T cells, both human and murine IELs contain a subset of CD3- CD103+ IELs,
which includes group 1 innate lymphoid cells (ILC1) and CD3- CD7+ ILC1-like cells (Ettersperger
et al., 2016; McDonald et al., 2018). These two minor populations present a pro-inflammatory
cytokine profile and NK cell activity, although their origin and precise identity are still not well

described (Ledn et al., 2003; Lutter et al., 2018a).

1.2.4.5.2 Lamina propria T cells
The intestinal LP includes both effector and regulatory antigen-experienced T cells. Despite that
CD4+ T cells constitute the most abundant T-cell subset, conventional CD8af+ T cells and few
TCR-y6 T cells can be also found in the LP. Several reports showed a very low overlap in the TCR
repertoires of LP and IE CD8+ T cells, which suggested that there is little to no mixing between

these two compartments at the steady-state (Cauley and Lefrancois, 2013).

During homeostasis, the LP CD4+ T-cell population includes Tyl and Ty17 cells as well as
IL-10 producing Foxp3+ Treg cells and Foxp3- Tgr1 cells. In contrast, Tu2 cells are virtually absent
in healthy humans and animals that are not infected with intestinal parasites (Ai et al., 2014).
Tul cells can be generated in the LP in response to infections with pathogenic viruses or
intracellular bacteria, such as Listeria monocytogenes (Romagnoli et al., 2017). Microbiota plays
a crucial role in shaping the phenotype and plasticity of the intestinal T cells. Tyl and Tuy17 cells
are present at lower numbers in germ-free mice compared to conventional mice (Gensollen et
al., 2016). Moreover, some bacterial species, for example, Bacteroides have been involved with
Tul-cell induction through the production of polysaccharide A, whereas Segmented Filamentous
Bacteria (SFB) promotes the differentiation of Tyl7 cells in the LP of mice (Hooper and
Macpherson, 2010; Sorini et al., 2018). IL-17 is important for intestinal homeostasis by mediating
repair and reinforcement of the epithelial barrier (Maloy and Kullberg, 2008). Tu17 cells also
produce IL-22, which stimulates the production of antimicrobial peptides by epithelial cells

(Hooper and Macpherson, 2010). However, pro-inflammatory Ty17 cells have been associated
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with the pathogenesis of IBD (Shale et al., 2013), and elevated numbers of IL-17+ IFN-y+ double-

producing cells have been found in the intestinal mucosa of IBD patients (Rovedatti et al., 2009).

The relatively low rate of intestinal inflammation among healthy individuals despite the
enormous microbial and antigenic load demonstrates that the regulatory mechanisms dominate
in the intestine at the steady-state. Teg cells exhibit a high level of adaptation to the intestinal
microenvironment. Colonic T cells appear to develop in response to the microbiota whereas
the majority of the Trg cells in the small intestine appear to develop in response to dietary
antigens (Agace and McCoy, 2017). However, our current knowledge about intestinal T cells is
mainly derived from mouse models, and little is known about the phenotype, origin and

functions of the T cells in the human gut, especially in the small intestine.

The different mechanisms of antigen uptake by intestinal APCs may influence the T-cell
subset differentiation. For example, CD103+ DCs produce TFG-B and RA, both required for the
upregulation of Foxp3 and the formation of iTre cells. In contrast, CD11b+ DCs seem to promote
differentiation into Tyl or Tyl7 subsets (Ai et al., 2014). The influence of inflammation,
microbiota or dietary products may induce plasticity between the intestinal Ty and regulatory T
cell subsets. Apart from the Tyl7 to Tul conversion, dual expressing Foxp3+ ROR-yt+ cells have
been found in human intestinal samples, especially in inflammation settings (Shale et al., 2013).
Furthermore, Tyl7 to Tey and Treg to Try plasticity have been also observed in the intestine

(Brucklacher-Waldert et al., 2014).

1.2.4.5.3 Intestinal T-cell homing
To perform their immunosurveillance function, circulating T cells have to exit the blood through
interactions with the vascular endothelium and enter the peripheral tissues. Leukocyte
extravasation is a highly regulated process that comprises several sequential steps: selectin-
mediated rolling, chemokine signaling (to induce integrin activation), firm arrest mediated by
integrins and transmigration across the endothelial layer (von Andrian and Mackay, 2000). T-
cell homing is a tightly controlled process that involves the induction of specific integrins and
chemokines on the surface of the T cells. These homing molecules are used to guide T cells to

specific regions of the body.

In the intestinal MLNs and PPs, migratory DCs carrying antigens from the PPs or the LP
encounter naive T cells. Upon antigen recognition, DCs imprint gut-tropism on activated T cells.
This property depends on the capacity of gut DCs to produce RA, which induces the gut homing

receptors asf; and CCR9 on T cells. The integrin asf; binds MadCAM-1 (mucosal vascular
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addressin cell adhesion molecule -1) which is constitutively expressed on intestinal LP vascular
endothelium. The chemokine receptor CCR9 interacts with CCL25, which is constitutively and
specifically produced by small intestinal epithelial cells (Agace, 2008; Marsal and Agace, 2012).
Activated asfs+ T cells arriving at the intestinal mucosa are exposed to TGF-B, which is
abundantly produced by intestinal epithelial cells and DCs. TGF-B mediates the downregulation
of as and upregulation of ag integrin (CD103), which forms a heterodimer with the B; chainon T

cells and allows them to accumulate in the epithelium (McDonald et al., 2018).

1.2.4.6 Intestinal innate-like lymphocytes

The small intestine contains minor populations of T cells with restricted TCRs and innate immune
functions. These subsets include mucosal-associated invariant T cells (MAIT cells) and invariant
natural killer T cells (iNKT cells) (Mowat and Agace, 2014). MAIT cells represent a 2-3% of the LP
and IE T cells in human jejunum and express a Va7.2 Ja33 invariant TCR-a chain but restricted
TCR-B. MAIT cells recognize metabolites of vitamin B presented by the highly conserved MHC-
class | related protein (MR1) (Bennett et al., 2015). MAIT cells are activated by cells infected with
bacteria and rapidly release pro-inflammatory cytokines and exert cytotoxic activity, mediated
by granzyme-B and perforin (Napier et al., 2015).

iNKT cells represent a T-cell subset expressing NK cell markers, such as CD161 in humans,
and displaying an invariant TCR. iNKT cells comprise 0.5 — 1% of the LP and IE T cells and
recognize lipids and glycolipids presented by CD1d molecules. CD1d is a nonpolymorphic MCH
protein expressed on intestinal epithelial cells (Crosby and Kronenberg, 2018). iNKT cells
mediate their effector functions through a rapid release of Tyl (IFN-y, TNF-a), Tu2 (IL-4) and Tx17
(IL-17) cytokines (Bennett et al., 2015).

Innate lymphoid cells (ILCs) are non-T non-B lymphocytes lacking myeloid-specific
phenotypic markers (Lin-). ILCs do not express antigen-specific receptors; instead, they respond
to changes in the environment (such as cytokines) and play a central role in early innate
responses in the intestinal mucosa (Sedda et al., 2014). ILCs are currently classified into three
distinct groups based on their expression of transcription factors and their effector cytokine
profile. ILC1, ILC2 and ILC3 mirror the functions of the Tyl, Tu2 and Tyl7 subsets, respectively.
Natural killer (NK) cells represent the innate counterpart of the CD8+ T cells and belong to the
ILC1 group. In addition, the ILC3 group includes lymphoid tissue inducers (LTi) that are involved

in the formation of secondary lymphoid structures (Cherrier et al., 2018).
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1.3 T cell memory heterogeneity and migratory patterns

Naive T-cell immunosurveillance is based on continuous recirculation through the secondary
lymph organs (SLOs, including the LNs and the white pulp of the spleen) that drain and collect
antigens from the peripheral tissues. The entry to the SLOs requires CD62-L (L-Selectin)
expression, which binds the peripheral lymph node addressin (PNAd), and CCR7 expression,
which binds the chemokine CCL21 on high endothelial venules. Egress from SLOs is mediated by
sphingosine-1-phosphate (S1P) gradient, requiring the expression of the S1P receptor 1 (S1PR1)
on T cells (Mueller et al., 2013).

During infection, naive T cells undergo an extraordinary expansion, increasing as much
as 10°- fold the number of antigen-experienced cells. Following pathogen clearance and the
resolution of inflammation, the majority (90-95%) of the effector T cells die, and the ones that
survive become part of a heterogeneous pool of memory cells (Kaech et al., 2002). Despite this
dramatic contraction, the frequency of antigen-specific memory T cells that survive is still much
higher (= 1000 fold) than the frequency of the precursor naive T cells before pathogen
encounter, thus reinforcing the immunosurveillance of the host (Blattman et al., 2002;
Masopust et al.,, 2007). Memory T cells display several enhanced functional characteristics
compared to naive T cells. First, memory cells have less stringent requirements for subsequent
activation, responding to lower concentrations of antigen and showing less dependency on co-
stimulation. Second, memory T cells show increased proliferative potential and more rapid
effector response. Third, memory T cells acquire the ability to traffic to peripheral tissues (Berard

and Tough, 2002).

Based on their distinct migratory patterns and functional capacities, in 1999 Sallusto et
al. classified human circulating memory T cells in peripheral blood into two different subsets:
central memory T cells (Tem) and effector memory T cells (Tem) (Sallusto et al., 1999). Like naive
T cells, Tem cells express CD62-L and CCR7, allowing them to enter the SLOs. In contrast, Tem cells
are CCR7- CD62-L- and migrate between blood and the peripheral tissues. Tcm cells present
extensive proliferation and IL-2 production, whereas Tewm cells are less proliferative and display
a higher capacity to produce effector cytokines, such as IFN-y or IL-4. In humans, a population
of terminally differentiated effector cells re-expressing CD45-RA (Temra cells) is found frequently
within the CD8+ T cell lineage. Temra cells present low proliferative and functional capacity and
accumulate with age and persistent infections, such as CMV (Kumar et al., 2018a). Recently,
stem cell memory T (Tscm) cells have been identified, comprising memory cells with high self-

renewal capacity but no effector function (Gattinoni et al., 2011). The comparative analysis of
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telomere length, differentiation potential, proliferative capacity, and effector functions among
different T-cell subsets led to the postulation of a linear model of differentiation from naive to
memory T cells to differentiated effectors (Figure 6) (Mahnke et al., 2013; Restifo and Gattinoni,
2013). This model has been confirmed by recent studies using epigenetic and transcription

factor analysis (Dogra et al., 2016; Moskowitz et al., 2017).

These lineage studies using blood lymphocytes helped to establish the concept of
systemic memory, which implies that memory T cell surveillance is mediated through efficient
recirculation between blood, lymphoid tissues (Tcm cells) and non-lymphoid tissues (Tem cells)
(Figure 6). However, this paradigm changed when seminal studies showed that substantial
numbers of CD8+ and CD4+ Tem cells were maintained long after pathogen clearance (Masopust
et al., 2001; Reinhardt et al., 2001). After this finding, the main unsolved question was whether
Tem cells continuously recirculate through the tissues or in contrast they permanently reside
within the peripheral tissues. Subsequent studies using parabiotic mice provided early evidence
that memory CD8+ T cells in the brain and the intestines do not completely equilibrate with their
circulating counterparts (Klonowski et al., 2004). In the last decade, several studies have
demonstrated that a population of Tewm cells is permanently lodged in peripheral tissues (such as
the gut, lungs, skin...) without exchanging with the circulation (Gebhardt et al., 2009; Jiang et al.,
2012; Masopust et al., 2010; Wakim et al., 2010). This new population of memory T cells was
termed tissue-resident memory T cells (Trm cells).
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Figure 6. Model for the differentiation of memory T-cell subsets and migratory patterns.
Memory T-cell differentiation is largely a unidirectional process, driven by modifications in the chromatin
structure upon successive encounters with the antigen. During this differentiation, the memory T cell
progressively loses proliferative capacity and “stemness” (capacity to be multipotent and self-renewing),
while acquiring different effector properties and migratory patterns. TCM cells, similarly than TN and TSCM
cells, recirculate between blood and lymphoid tissues, whereas TEM cells and TEff cells are responsible for
patrolling the peripheral tissues. TRM cells are permanently located in the tissues, where they exert
protective functions without re-entering the circulation. TN, Naive T cell, TSCM, stem cell memory T cell,
TCM, central memory T cell; TEM, effector memory T cell; TEff, effector cell; TRM, resident memory T cell.
Adapted from (Restifo and Gattinoni, 2013) and (Farber et al., 2014).
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1.4 Resident memory T (Trm) cells

1.4.1 Identification of Trwm cells

The existence of Trm cells implies that the analysis of T-cell subsets from blood may not correlate
with the ongoing immune responses in the peripheral tissues, making essential to sample the
tissues directly. Because Trm cells were defined according to their stationary properties, the main
challenge for the study of the Trm biology is to distinguish circulating from truly resident T cells.
Several experimental methods have been used to evaluate the ability of T cells to recirculate,
including parabiotic surgery, in vivo antibody labeling, antibody-mediated T cell depletion,
transplantation and phenotypic profiling (reviewed in (Masopust and Soerens, 2019; Szabo et
al., 2019)). Parabiosis is a surgical technique that joins the vasculature of two congenically
distinct mice, sharing the blood supply. After approximately a week, recirculating T cells
equilibrate between each parabiont whereas resident T cells fail to equilibrate and remain
confined in specific tissues of one mouse (Kamran et al., 2013). These experiments have been
essential to define Tgrm cells as a distinct population, however, they present some caveats. For
instance, not all the circulating cells equilibrate equally between the parabionts. In addition, the
inflammation caused during the procedure may lead to overestimations of the fraction of

circulating cells (Masopust and Soerens, 2019; Szabo et al., 2019).

In humans, early evidence of T cell residency came from studies on skin pathology. In
fixed drug eruption it was demonstrated that pathogenic autoreactive Trm cells mediate the
development of the recurrent skin lesions (Clark, 2015). Further insights of skin Trm cells arose
from the study of T cell lymphoma patients treated with alemtuzumab (anti-CD52 antibody). In
these patients, circulating T cells are depleted through antibody-mediated cellular cytotoxicity
while non-recirculating T cells are spared, indicating that these cells are truly Trm cells

(Watanabe et al., 2015).

Studies using migratory assays in mice revealed that, unlike circulating T cells, most Trm
cells express CD69 and CD103 (Mueller and Mackay, 2016). Trum cells are less characterized in
humans compared to mice, mostly due to the difficulties in sampling human tissues. However,
several studies have analyzed the phenotype of human memory T cell subsets by examining
different tissues from organ donors and surgical resections (Cheuk et al., 2017; Oja et al., 2018;
Piet et al., 2011; Sathaliyawala et al., 2013; Smolders et al., 2018; Thome et al., 2014; Watanabe
etal., 2015). These studies showed that a large fraction of memory T cells expressed CD69 in the

spleen, lymph nodes, intestines, lung, skin, and brain whereas CD103 was mainly expressed on
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CD8+ T cells within the barrier tissues. Accumulated knowledge during the last decade suggests
that Trm cells constitute the predominant memory subset in numerous tissues and organs, both
in mice and humans (reviewed in (Mueller and Mackay, 2016; Takamura, 2018)). However, the
relative fractions of circulating and resident T cells in human tissues remain unclear. Tgrm
populations lacking CD69 and/or CD103 have been identified (Bergsbaken et al., 2017; Steinert
et al.,, 2015), and CD69 can be transiently expressed by recirculating T cells after TCR
engagement or cytokine stimulation (Sancho et al., 2005; Shiow et al., 2006). In conclusion,
migratory assays are still the best method to identify Trm cells until more reliable and specific

Trv Markers are discovered.

1.4.2 Development and maintenance of Trm cells

Activated T cells enter the non-lymphoid tissues during the early phase of the effector response,
and once the pathogen is cleared they can stablish permanent residency within the tissue
(Masopust et al., 2010). During acute infection, heterogeneous populations of effectors are
generated, with diverse transcription factor expression and memory potential (Chang et al.,
2014). Mouse models of CD8+ T-cell memory differentiation showed that increased TCR signal
strength, co-stimulation, and inflammatory cytokines favor the development of KLRG1" CD127"
short-lived effector cells (SLECs). SLECs are terminally differentiated cells that present high levels
of T-bet expression, low memory potential and decline over time. In contrast, effector cells
exposed to lower levels of inflammation may become memory precursor effector cells (MPECs)
being KLRG1"° CD127" and presenting low expression levels of T-bet but high levels of Eomes
(Chang et al., 2014; Joshi et al., 2007). Both KLRG1" and KLRG1" cells seed the tissues, however,
several mouse studies have demonstrated that only KLRG1"° committed precursors have the
potential to give rise to Trm cells in the skin and the intestine (Mackay et al., 2013; Sheridan et

al., 2014).

After tissue arrival, Trm precursors develop in situ in response to environmental signals.
Trm differentiation involves the acquisition of a program for long-term persistence and
repression of the mechanisms mediating tissue egress (Schenkel and Masopust, 2014).
Transcriptomic analysis of murine circulating and resident subsets revealed that Tgrm cells share
a common core signature among different tissues. This core transcriptional profile is
progressively engaged during differentiation and it is markedly different from the expression
patterns of naive, Tcm and Tem cells (Mackay et al., 2013). Within this common profile, Trm cells

exhibited low expression levels of CCR7 and sphingosine-1 phosphate receptor 1 (S1PR1), both
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required for leaving the tissues via the lymphatics (Mackay et al., 2013; Masopust and Soerens,
2019). Kruppel-like factor 2 (KLF2), a transcription factor that controls SIPR1 expression, was
found downregulated in Trm cells (Mackay and Kallies, 2017). Moreover, the Trm cell marker
CD69 has been involved in tissue retention by antagonizing with S1PR1 function (Mackay et al.,
2015a). Local production of TGF-B induces both CD69 and CD103 (integrin ag) on intestinal T
cells (Casey et al., 2012; Zhang and Bevan, 2013). CD103 forms the agB; heterodimer that
promotes the adhesion to the epithelium layer via interactions with E-cadherin (Cepek et al.,
1994). However, CD103 expression is not required for tissue retention (Casey et al., 2012), and
CD103 independent mechanisms of tissue maintenance have been described (Bergsbaken and
Bevan, 2015). Similarly, the homeostatic cytokine IL-15 is essential for the persistence of Tgrm
cells in certain tissues, such as the skin (Mackay et al., 2013), but is not required in the pancreas,
reproductive tract or the small intestine (Schenkel et al., 2016). Therefore, the requirements for
tissue maintenance are not ubiquitous, but rather depend on the particular location and specific

adaptations to the environment.

1.4.3 Immunosurveillance and protection by Trm cells

The mucosal surfaces constitute the main portals of entry for infectious agents. At the steady-
state, large numbers of pathogen-specific Tru cells are strategically located at these barrier sites,
patrolling the epithelial surfaces to detect recurrent pathogens (Dijkgraaf et al., 2019; Thompson
et al., 2019). Unlike circulating Tem cells, which require the activation and migration of DCs in
order to encounter their cognate antigen in the LNs, Trm cells are poised to provide an immediate
response at the sites of pathogen entry. Furthermore, CD8+ Trm cells maintain constitutive
expression of granzyme-B and are able to exert direct cytotoxic killing of infected cells to restrain

pathogen invasion (Masopust et al., 2006).

Besides their cytotoxic capacity, Trm cells present high levels of transcripts encoding pro-
inflammatory cytokines, which can be rapidly produced after Trum activation. Trm pro-
inflammatory cytokines, such as IFN-y, IL-2 and TNF-a, mediate direct anti-pathogen activity and
alert neighboring cells to promote a state of broad immune protection in the tissue (referred as
“sensing-and-alarm” function) (Ariotti et al., 2014; lijima and Iwasaki, 2014; Schenkel et al.,
2014). In addition, several studies have demonstrated that Trm cells have the capacity to
proliferate in situ within the first days after antigen re-encounter (Beura et al., 2018; Park et al.,

2018c).
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1.4.4 Roles of Trm cells in protective immunity, homeostasis, and

immunopathology

Numerous studies using different mouse models of infection have shown that CD8+ and CD4+
Trm cells provide protective immune responses to a broad array of tissue-tropic pathogens,
including viruses, bacteria, fungi, and parasites (Table 1). Given their strategic situation and
enhanced protection, Trm cells have emerged as promising targets for vaccines to elicit cellular
immunity in the peripheral tissues. In the last years, several studies using novel immunization
approaches have demonstrated that protective Trm cells can be established through vaccination
(Fernandez-Ruiz et al., 2016; Shin and Iwasaki, 2012; Stary et al., 2015). One of these strategies
is called “pull-an prime” and involves parenteral vaccination to induce systemic T-cell responses
(prime), followed by local administration of adjuvants or chemokines to recruit activated T cells
to the target tissues (pull) (Shin and Ilwasaki, 2012).

Apart from their function in the context of infection, Trm cells may play an important
role in the control of tissue homeostasis. Trm cells with reactivity against commensals, such as
Candida albicans, have been identified in human normal skin (Park et al., 2018a). This evidence
highlights the importance of Trm cells maintaining the integrity of the barrier surfaces. Similarly,
Trm cells may display a homeostatic function controlling cancer cells in the epithelial tissues. In
agreement with this assumption, CD8+ CD103+ Trm cells are abundant within human tumors,
and high frequencies of tumor-infiltrating Tsm cells correlate with prolonged patient survival in

different types of cancer (reviewed in (Park et al., 2019)).

The long persistence and robust pro-inflammatory responses of Trm cells can be
detrimental when pathological Trm cells recognize self or innocuous antigens (Park and Kupper,
2015). Increasing evidence has shown that Tru cells are involved in tissue-specific autoimmune
and inflammatory diseases, including asthma (Hondowicz et al., 2016), psoriasis (Cheuk et al.,
2017; Clark, 2011) and inflammatory bowel disease (Noble et al., 2019; Zundler et al., 2019).
Moreover, in transplantation settings, passenger donor Tru cells persisting in the graft may

trigger inflammation and graft rejection (Lian et al., 2014).

Our current knowledge about the generation, maintenance, phenotype and function of
Trm cells is mainly derived from studies in mouse models of infection. Given the central role of
Trm cells in tissue immunosurveillance, protective immunity and immunopathology, there is an
increasing interest in translating these data into humans. However, it is still not clear whether
mouse models can fully recapitulate the generation of T cell memory in humans, which occurs

after exposure to a broad variety of pathogens and commensals over many decades in life. To
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solve this problem, several studies have used “dirty” mice (mice co-housed with pet-store mice)
instead of conventional specific pathogen-free mice (Beura et al., 2016; Reese et al., 2016).
However, some T-cell memory populations in peripheral tissues may present intrinsic
differences in mice and humans, as was mentioned before for the case of the IELs. Due to
sampling problems, most of the studies on Trm cells in humans are limited to phenotypic or in
vitro functional analysis of tissue resections, and direct evidence of tissue-residency is lacking. A
better understanding of the Trm phenotype, ontogeny, and longevity in humans is needed in

order to develop future vaccines or immunotherapies targeting these cells.

Table 1. Role of Trm cells in protective immunity in mice.

Tissue CD8+ Trm cells CD4+ Trm cells Refs.
Influenza (Teijaro et al., 2011; Wu
et al., 2014)
Lung Respiratory syncytial virus (RSV) &(:rr;i?:oe;ta;l’"zg;f;)
Mycobacterium tuberculosis (Sakai et al., 2014)
Bordetella pertussis (Wilk et al., 2017)
Streptococcus pneumoniae (Smith et al., 2018)
Herpes Simplex virus (HSV) (Shin and Iwasaki, 2012)
Ir::::z:ieuctive Lym;.ahocyt.ic o (Schenkel et al., 2014;
- choriomeningitis virus (LCMV) Schenkel et al., 2013)
Chlamydia trachomatis (Stary et al., 2015)
Herpes Simplex virus (HSV) (Gebhardt et al., 2009)
Skin Vaccinia virus (VV) (Jiang et al., 2012)
Leishmania major (Glennie et al., 2015)
Candida albicans (Park et al., 2018a)
Listeria monocytogenes (Rorr.magnoli etal, 2017;
Intestine Sheridan et al., 2014)
Salmonella (Benoun et al., 2018)
Liver Malaria (Plasmodium berghei) IreEeEE s el
2016)
Salivary gland  Cytomegalovirus (CMV) (Thom et al., 2015)
Brain AT (Steinbach et al., 2016)

choriomeningitis virus (LCMV)
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2. AIMS OF STUDY

The main objective of this thesis is to determine the long-term persistence of the cells that

constitute the adaptive immune cell compartment in the human small intestine.

Specific aims:

1. To characterize the different populations of tissue-resident and circulating memory CD8+ and
CD4+ T cells in human small intestine, examining their phenotype, turnover, and functional

capabilities.

2. To characterize the phenotype, lifespan, and function of Foxp3+ regulatory T cells in healthy

and inflamed small intestine in humans.

3. To study the heterogeneity within the intestinal PC pool and determine the longevity of the

different PC populations in the human small intestine.
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3. SUMMARY OF RESULTS

Paper l. Resident memory CD8+ T cells persist for years in human small intestine.

In this study, we examined the turnover of CD8+ T cell subsets in transplanted small intestine
(SI) by flow-cytometric analysis of HLA-I mismatched donors. We found that 60% (median, n=15)
of both intraepithelial (IE) and lamina propria (LP) CD103+ CD8+ T cells were of donor origin one
year after transplantation, suggesting that they constitute CD8+ Trmcells. In contrast, LP CD103-
CD8+ T cells were rapidly exchanged (15% median, n=15) after one year. TCR single-cell
sequencing of donor CD103+ CD8+ T cells from transplanted Sl showed that a significant fraction
of expanded TCR clonotypes were maintained during the one-year follow-up period, suggesting
that the TCR repertoire of SI CD8+ Trum cells is stably conserved. CD8+ Tgrwm cells presented a
distinct phenotype compared to CD103" CD8+ T cells, being CD69* KLRG1" CD127" CD28"° PD1".
This distinctive phenotype was progressively acquired by the incoming recipient CD8+ T cells in

intestinal biopsies over time, suggesting that Trm differentiation may occur in situ.
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Figure 7. Graphical Abstract, Paper I.
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High throughput bulk TCR repertoire analysis of different intestinal CD8+ T cell subsets
revealed a high clonotype overlap between the CD8+ Trmcells in LP and IE, in agreement with
their similar replacement kinetics, suggesting that these two populations are closely related. In
addition, CD103+ and CD103-KLRG1- CD8+ subsets in LP presented substantial clonal overlap,
suggesting that CD103+ CD8+ Tgm cells might derive from CD103- KLRG1- precursors. CD8+ Trwm
cells presented a higher percentage of polyfunctional (IFN-y+, IL-2+, and TNF-a+) cells compared
to their CD103 counterpart, but similar cytotoxic capacity after stimulation. In conclusion, we
demonstrated that the majority of the human intestinal CD103+ CD8+ T cells are very persistent
and show phenotypic and functional characteristics very similar to the ones described in murine

CD8+ Trwm cells.

Paper Il. cDa* T cells persist for years in the human small intestine and mediate robust
Tyl immunity

Most of the studies on Tru cell biology have focused on CD8+ T cells and it is still debated
whether CD4+ T cells may establish long-term residency in peripheral tissues. In this study, we
examined the turnover of CD4+ T cells in transplanted duodenum in humans and we
demonstrated that the majority of CD4+ T cells were still donor-derived one year after
transplantation. Unlike memory CD4+ T cells in peripheral blood, intestinal CD4+ T cells express
CD69 and CD161, but only a minor fraction express CD103. CD103- and CD103+ CD4+ T cells
presented similar replacement kinetics in transplanted duodenum, suggesting that both
constitute Trm cell populations. On the other hand, recipient CD4+ T cells recruited to the graft
progressively acquired a Trm phenotype over time. Functionally, intestinal CD4+ Tgrm cell were
very potent cytokine producers; the vast majority being polyfunctional Tyl cells, whereas a
minor fraction produced IL-17. Moreover, a fraction of intestinal CD4+ T cells produced
granzyme-B and perforin after activation. In conclusion, we showed that the intestinal CD4+ T-
cell compartment is dominated by resident populations that survive for more than 1 year

(probably years) and provide a polyfunctional Tyl response.

Pa per lll. The human small intestine contains two distinct subsets of Foxp3+ regulatory
CD4+ T cells with very different lifespan and functional properties.

In this study, we found that in human small intestine the population of Foxp3+ Tgeg cells
constitutes only a 2% (median) of the total CD4+ T cells. This subset comprises CD45-RA- CTLA4+

CD127- cells with the ability to suppress the proliferation of autologous T cells in vitro. The
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transcription factor Helios, expressed in around 60% of the S| Tgeg cells, clearly defines two
functionally distinct populations: Helios- Tgeg cells persisted for at least 1 year in transplanted
duodenum and produced IL-17, IFN-y and IL-10 after stimulation whereas Helios+ Tgeg cells were
rapidly exchanged with the circulation and exhibited low production of cytokines. During
inflammation, such as active celiac disease, Treg cells were increased around 5-10-fold compared
to normal small intestine. Interestingly, both subsets were found equally expanded in active
celiac lesion and their cytokine profiles mirrored the ones at the steady state. In conclusion, we
characterized two distinct populations of Treg cells in the human small intestine: a dynamic
population of Helios+ Treg cells that may resemble the cells described to play an important role
in tolerance to food antigens and a tissue-resident population of Helios- Treg cells that may
resemble the population of Treg cells found to be involved in immune tolerance to the intestinal

microbiota in mice.

Pa per V. Antibody-secreting plasma cells persist for decades in human intestine

In this study we identified three phenotypically and functionally different PC subsets in human
small intestine: CD19+CD45+PCs were dynamically exchanged, whereas CD19-CD45+PCs are
mostly, and CD19-CD45-PCs are almost completely of donor origin after one year in intestinal
transplants. The distribution of these subsets varies with the age, from CD19+CD45+PCs
dominating in young donors to CD19-CD45-PCs being the predominant subset in old individuals.
This CD19+CD45+PC population constitutes the most active subset, producing higher amounts
of 1gA, which might provide a less durable but highly adaptable response to new antigenic
challenges. The repertoire overlap analysis supported this differentiation from CD19+CD45+PCs
to CD19-CD45-PCs through a CD19-CD45+ intermediate PC subset. Remarkably, by analyzing the
C-14 incorporated in the DNA of isolated PC populations we reported that CD19-CD45-PCs cells
have a lifespan of about 20 years in human small intestine. Moreover, within this long-lived
population we found rotavirus-specific cells, a gut tropic pathogen that most often causes
disease in infants and young children. In conclusion, we demonstrated that long-lived PCs exist
in human small intestine and that these cells may provide long-lasting protection against

recurring infections in the gut.
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4. METHODOLOGICAL CONSIDERATIONS

This section discusses the advantages and limitations of the main methods that have been used
in this thesis. A detailed description of the material and methods can be found in the methods

sections of the individual manuscripts.

4.1 Patient material

All the studies included in this thesis analyzed specimens from human small intestine. Non-
pathological resections from duodenum or proximal jejunum were obtained from pancreatic
cancer, distal bile duct cancer, or periampullary carcinoma patients undergoing Whipple surgical
procedure (pancreaticoduodenectomy). To avoid additional variability, samples from patients
receiving neoadjuvant chemotherapy were excluded from the study. Duodenal resections from
deceased organ donors as well as biopsies from recipient (native) duodenum and peripheral
blood samples from the recipient were obtained at the time of pancreas transplantation of type
| diabetes mellitus patients, as explained in (Horneland et al., 2015). Endoscopic biopsies from
the transplanted pancreas, transplanted duodenum, and native duodenum are taken at 3 weeks,
6 weeks and 52 weeks post-transplantation as part of the routine rejection surveillance
program. For the four studies included in this thesis, we collected endoscopic biopsies (5-10
biopsies) from the donor and native duodenum together with peripheral blood from the
patients at the three indicated follow-up time points. All transplanted patients receive a
standard immunosuppressive regimen including anti-thymocyte globulin (ATG), tacrolimus,
mycophenolate mofetil and corticosteroids. The administration of ATG was controlled by daily
T cell counts, aiming at depleting the T cells (< 0.05x10° T cells /mL) for 10 days after
transplantation (Horneland et al., 2015). Transplanted patients showing clinical or histological
signs of rejection or other complications related to the surgical procedure were excluded from

the study.

For the paper lll, endoscopic biopsies were obtained from the duodenum of untreated
celiac disease patients. In addition, colonic biopsies were obtained by colonoscopy of individuals
with unexplained pain but with normal histology. All the tissue samples (intestinal resections
and biopsies) were evaluated blindly by experienced pathologists and only material with normal

histology (according to (Ruiz et al., 2010)) was included. Buffy-coats were obtained from healthy
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blood donors at the Oslo University Hospital, Oslo, Norway. All patients provided informed
written consent and all the studies included in this thesis were approved by the Norwegian
Regional Committee for Medical and Health Research Ethics (2010/2720/REK s@gr-gst and
2012/2278/REK s@r-gst).

4.2 Sample processing

Peripheral blood mononuclear cells (PBMCs) from patients or healthy buffy-coats were isolated
by density gradient centrifugation (Lymphoprep; Axis-Shield, Oslo, Norway), according to
standard protocols. Single-cell suspensions from intestinal resections (5-10 cm) and biopsies
were prepared immediately after tissue collection, following the protocol described in (Richter
etal., 2018). In brief, intestinal mucosa was incubated with shaking in PBS containing 2mM EDTA
during three consecutive washes to remove epithelial cells and intraepithelial lymphocytes. The
remaining de-epithelialized LP was digested with 1mg/mL of Liberase TL (Roche) in complete
RPMI medium with 20U/mL of DNAse (Roche) for 1h at 37°C. The complete removal of the
epithelial layer was confirmed by histology, with the basal membrane remaining intact. The
cross-contamination between the epithelial fraction and the enzyme-digested LP was very low,
as evaluated also by flow cytometry (Figure 8). This assessment was especially important when
we analyzed the repertoire overlap of the different CD8+ T cell populations in LP and in the

epithelium.

Tissue dissociation protocols using enzymes present the drawback that some epitopes
can be cleaved during the enzymatic digestion. To identify these issues, identically treated
PBMCs and walk-out lymphocytes were used as controls to test the sensitivity of epitopes
toward liberase digestion. CD62-L and CD25 epitopes were found to be cleaved during enzymatic
digestion of the tissue with either liberase or collagenase. Therefore, the expression of these
two molecules was analyzed after overnight culture of tissue-derived single-cells in complete

medium at 37°C.

In all the studies we could use fresh cells as starting material, thanks to our constant
supply of samples. This way, we avoided the problems related to the processing of
frozen/thawed cells: lower viability, changes in some epitopes sensitive to cryopreservation
(such as CD62-L) and changes in cell functionality. However, we aimed to study the TCR
repertoire overlap in donor cells from transplanted duodenum of the same patient during the 1
year of follow-up period, which entailed some challenges. Due to clinical complications, graft-
rejection (mainly in the pancreas), patient dropouts, etc. only 1 out of 3 samples at the latest

time-point (1 year after transplantation) could be included in the study. For this reason, to
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prepare single-cell TCR libraries we had to sort cells from biopsies collected at one-year after
transplantation together with frozen/thawed single-cell suspensions from LP that were
processed and stored the day of the transplantation surgery. Inevitably, the recovery of the

frozen/thawed cells was lower than the fresh cells, even after resting the thawed cells in culture
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Figure 8. Intestinal tissue dissociation protocol. (A) Sample preparation workflow. (B) Representative
H&E staining of tissue sections before (above) and after 3 sequential washes with EDTA buffer (below).
(C) Representative flow cytometric staining showing the percentage of epithelial cells in IE and LP
fractions.

overnight.

4.3 Flow cytometry analysis

Flow cytometry (FC) has been extensively used to analyze the immunophenotype and function
of different cell populations in the studies included in this thesis. FC is a highly sensitive analytical
technique that allows a multiparametric characterization on single cells. The basic principle of
FC is the hydrodynamic focusing of cells, which means that cells are aligned one by one in front
of a set of detectors while are excited by a light source, nowadays consisting of 3-4 laser beam:s.
This way, several cell parameters on each cell can be simultaneously measured: the light
scattering, which gives information about the size of the cell and its internal complexity; and the
fluorescence, either intrinsic (auto-fluorescence) or derived from different fluorochrome-
conjugated monoclonal antibodies. Over the last years, advances in technology have led to new
detector options, additional lasers, and new fluorochromes, which together have considerably
increased the number of parameters (colors) that can be simultaneously analyzed in a FC

experiment.
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Appropriate sample preparation and instrument setup are fundamental for a successful
FC experiment, because, according to Shapiro’s seventh law of flow-cytometry: “No data
analysis technique can make good data out of bad data” (Shapiro, 2005). The quality of the
single-cell suspension dramatically affects the data. Cells from digested tissue tend to clump
easily, so they need to be filtered before the acquisition to prevent clogging the instrument or
unstable flow. It is also essential to discriminate the dead cells (using a viability dye) and the
doublets (by light scatter) in order to avoid artifacts in the data. The emission spectra of the
different fluorochromes present certain overlap. Spillover occurs when the fluorescence
emission of one fluorochrome is detected in a detector that is designed to measure the signal
from another fluorochrome. The amount of spillover is a linear function that can be corrected
through compensation and to optimally calculate these compensation values, compensation
controls are prepared (normally using beads) with the same antibodies used in the experiment.
Care must be taken to ensure that the peak of the positive control is as bright (or brighter) than
the sample, and the background of the positive and negative controls are the same. The spillover
correction leads to spread in the data, which reduces the sensitivity. For this reason, in order to
optimize the sensitivity when designing a multicolor panel is important to match antibodies
conjugated to bright fluorochromes for the dim markers and avoid using markers co-expressed
in the same cell type in combinations of colors that present high spillover values. In the
instrument setup, the voltages of each detector (PMT) need to be optimized to achieve the
maximum sensitivity in each channel. Nowadays this is normally done with the aid of
calculations (e.g. electronic noise) obtained by software, such as the BD Biosciences Cytometer
Setup and Tracking system, which also allows tracking the reproducibility of the instrument over
time (Cossarizza et al., 2019). In order to properly adjust the “gates” for the analysis, florescence-
minus-one (FMO) and isotype controls (for intracellular staining) are prepared to determine the

threshold for positive staining.
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Figure 9. Representative flow-cytometric analysis of donor and recipient-derived cells in transplanted
and native duodenum. (A) The percentages of donor and recipient-derived cells are similar when the flow
experiment includes two antibodies (left) or only one antibody (right) against donor/recipient HLA-I
molecules. (B) The staining of donor/recipient cells in native duodenum ensures precision in the sampling.

(C) Stromal cells are used as intrinsic control in each sample.
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A large part of the work in this thesis is based on the discrimination of donor-derived
from recipient-derived cells in a transplant setting. For each patient, the HLA-typing was
provided and duodenal biopsies from HLA-I mismatched pancreas transplanted recipients were
collected. Antibodies against the specific donor and recipient HLA-I molecules were used to
distinguish the origin of the cells and biopsies from the native (non-transplanted) duodenum

and stromal cells (CD45-) in each sample were used as a control (Figure 9).

4.4 Flow cytometry cell sorting and magnetic cell separation

Some experiments included in this thesis required isolated populations of cells as starting
material. All the sorting methods demand some previous knowledge about the target cells and
the “unwanted” cells to discard. The choice of the separation technique mainly depends on the
balance between the scale of the cellular output, purity, yield and the “gentleness” of the
isolation method, which directly affects the viability and functionally of the sorted cells. For
those experiments targeting a very specific population of cells (determined by combinations of
several surface markers) and low numbers of sorted cells, FC cell sorting is the preferred option.
To use this technique, one should take into account all the considerations mentioned before
regarding FC analysis plus several factors derived from the sorting process itself. The user must
establish some electronic gates as separation criteria, which together determine the deflection
of each cell contained in a droplet (BD Fluorescence-Activated Cell Sorting, FACS system). The
size of the cells determines the speed of the sort. Smaller cells can be sorted faster because a
smaller nozzle can be used. The advantages of the FC sorting are that target cells can be selected
based on multiple parameters, it gives high purities, and allows to sort in multiple devices, for
example, to deposit one cell per well in a 96 well-plate for single-cell assays. However, the main
limitations are the long time needed for sorting large numbers of cells (which results in lower

viabilities) and that requires relatively high expertise.

For the reasons mentioned above, separation methods based on antibody-coated
magnetic beads are the best option when large numbers of cells are required. Moreover, these
methods are normally gentler with the cells than the FACS. The disadvantages are that the
purities are usually lower than the FACS, and it is necessary to check the purity by staining a
small aliquot and analyzing by FC. The purity of the resulting cell preparation must be verified
by staining with antibodies against the unwanted cells and the target cells (using different
epitopes or markers that the ones used for the separation). In this thesis, several bead-based

strategies have been used to enrich cells (depletion of epithelial cells to get a higher proportion
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of IELs, depletion of apoptotic cells with Annexin-V beads) or to positively isolate cells. Two
commercially available beads were used: Dynabeads, which are superparamagnetic beads of
about 4.5 um diameter, and MACS microbeads, which are smaller beads (0.05 um diameter)
that use a column-based system for magnetic isolation. Isolation kits allowing the release of the
beads bound to the target cells (for example, using biotinylated antibodies for the capture and
releasing by competitive binding of biotin with higher affinity) enable further consecutive rounds
of isolation using new cell markers. This strategy makes possible to combine several depletion

and positive isolation steps to get the cells of interest with a high purity (Figure 10).
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Figure 10. Workflow for the magnetic separation of different populations of PCs from intestinal single-
cell suspensions.

4.5 Analysis of T-cell function

In the papers | and Il of this thesis, we analyzed the cytokine production by intestinal
CD8+ T cells, CD4+ T cells and CD4+ Foxp3+ Treg cells. Tissue-derived single cells were activated
in vitro, and intracellular immunostaining was performed with monoclonal antibodies against
specific cytokines in combination with surface cell markers. The method used for T-cell
activation may affect the cytokine secretion profile by T cells in vitro (Olsen and Sollid, 2013).
We assessed the cytokine production by intestinal T cells after stimulation with phorbol 12-
myristate 13-acetate (PMA, 1.5 ng/mL) together with lonomycin (1pg/mL) for 4h. Protein
transport was blocked by adding monensin (BD GolgiStop) for the last 3h. PMA/lonomycin
activation is the most robust stimuli for most T cell cytokines. PMA is an activator of the protein
kinase C and ionomycin is a Ca%* ionophore, and the combination of both activates T cells by
circumventing TCR activation (Yin et al., 2015). One pitfall of this stimulation method is that CD3

and CD4 tend to be downregulated after PMA/lonomycin—mediated activation. PMA/lonomycin
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and monensin can be toxic for cells at high concentrations and long incubation times are not
recommended. CD3/CD28 activation is a more physiological stimuli, and for this reason it was
used for the analysis of the production of cytotoxic proteins. The production of granzyme-B and
perforin was evaluated by intracellular staining after 21h incubation with anti-CD3/CD28 beads
(Dynabeads human T-cell activator) at a 1:1 (beads : cells) ratio, or with control medium (basal
expression levels). Activation of T cells is associated with an increase in size (forward light

scatter signal) and downregulation of CD3.

To test the functional capacity of intestinal Tgeg cells in paper lll, in vitro suppression
assays were performed following standard protocols (Collison and Vignali, 2011). We sorted
intestinal CD25+ CD127- CD4+ Treg cells and we tested their ability to inhibit the proliferation of
autologous CD25-CD127+ CD45-RA+ naive CD4+ T cells isolated from blood (responder cells).
Responder cells were labelled with 5,6-carboxyfluorescein succinimidyl ester (CFSE, 1.5 uM) and
Treg Cells were first pre-activated for 48h with anti-CD3/CD28 beads. T responder cells were
cultured alone or in the presence of Tgeg cells at a 1:2 ratio (Treg cells: T responder cells), and
stimulated with anti-CD3/CD28 beads in a 1:2 ratio (beads:cells). After 4 days of co-culture, the

inhibition of the proliferation of T responder cells was analyzed by CFSE dilution using FC.

4.6 Immunohistochemistry and immunofluorescence microscopy

Immunohistochemistry (IHC) or Immunofluorescence (IF) microscopy methods provide
information regarding tissue architecture, spatial relationships of a cell with the neighboring
cells and relevant information of where the markers are localized in the cell. This information is
missing in FC, which in contrast provides a better quantification and characterization of cell
populations by using 12-15 or more parameters. In IF the number of colors (and therefore,
parameters to be analyzed) is usually limited to 4, and the interpretation of the results is more
subjective. Recent reports have found that tissue-isolation protocols normally underestimate
the numbers of resident cells and distort the representation of certain populations that are more
efficiently extracted (Steinert et al., 2015). To overcome this limitation, imaging-based methods

serve as a complementary approach to FC for the study of tissue-derived cell populations.

In the papers | and Il of this thesis, in situ T cell counts were performed by IHC to verify
the maintenance of total CD8+ and CD4+ T cells in transplanted duodenum during the one-year
follow-up period. As a control, tissue sections from native (non-transplanted) duodenum were

also stained and counted. For the analysis, biopsies were formalin-fixed and paraffin-embedded
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and 4um sections were prepared. Dewaxed and rehydrated sections were subjected to heat-
induced antigen retrieval using a low pH buffer. Inmunostaining was performed with primary
antibodies against CD3 or CD8 and secondary antibodies conjugated to alkaline-phosphatase
enzyme, and subsequently incubated with a chromogen. Stained sections were scanned, and
positive cells were automatically counted. The results were similar as given as a fraction of total

nucleated cells and per tissue density.

In papers I, Il and IV of this thesis, analysis of chimerism was performed by in situ X/Y
FISH (fluorescence in situ hybridization) and IF in tissue sections from intestinal biopsies of
gender-mismatched pancreas transplanted recipients. Tissue sections of endoscopic biopsies
from transplanted duodenum were prepared as described above. Sections were then incubated
with FISH probes annealing to specific regions of the sex chromosomes (X/Y). Subsequently,
standard immunostaining was performed using primary antibodies of different isotopes or
species targeting T-cell markers (CD3, CD4 or CD8) and detection with fluorochrome-conjugated
secondary antibodies. A confocal microscope was used for image acquisition. Confocal
microscopy offers several advantages over conventional widefield fluorescence microscopy,
including the creation of sharp images by eliminating the background away from the focal plane
and the capability to collect and stack serial optical sections from different optical planes. The
last one is especially important in order to properly detect both X/Y probes in the same cell,

given that the chromosomes can be located in different planes of the tissue.

4.7 Immune repertoire analysis

All the immune repertoire studies included in this thesis (papers I and IV) used mRNA as starting
material to prepare sequencing libraries. This method offers the advantages that is less biased
by PCR artifacts because the amplified fragments are smaller (do not contain introns) and
detects only the adaptive immune receptor that is productively arranged and post-
transcriptionally processed (the TCR /BCR that is going to be expressed on the cell). In addition,
it is possible to detect low abundant sequences, given that mRNA transcripts are found in larger
numbers than their templates of genomic DNA. However, the use of genomic DNA as starting
material offers the advantage that is more stable than mRNA and that the presence of only one
template per cell (instead of several transcripts in cells presenting different transcriptional

activity) allows more robust quantifications of the different clones.
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In the paper | of this thesis we performed single-cell and bulk TCR sequencing of
different populations of intestinal CD8+ T cells. First, we aimed to study the clonotype overlap
between donor CD8+ Trm cells isolated from samples at the day of the transplantation surgery
and those isolated one-year post-transplantation. For this analysis we chose a single-cell TCR
sequencing protocol, for several reasons. First, the numbers of donor CD8+ Trm cells isolated
from biopsies were quite low, and single-cell approaches give better recovery from low cell
inputs. Moreover, single-cell sequencing has the advantage that provides information about the
paring of TCR-a and TCR-B chains. However, this method presents low-throughput, is quite
labor-intensive and expensive (requires large amounts of primers and reagents), making difficult
the analysis of more than several few samples. We analyzed biopsies of donor duodenum from
two different patients at the two mentioned time points, and we also included biopsies of the
recipient duodenum of one of the patients, as a control. Single cells were sorted into 96-well
PCR plates and library preparation was performed following the protocol described by Risnes et
al. (Risnes et al., 2018), using cDNA synthesis and nested PCR reactions with sets of multiplexed
TCR primers. Pairing information was important for us because we wanted to be sure that we
were able to identify exactly the same clonotypes one year apart. Therefore, the clonotypes
were defined based on the complete similarity of the CDR3 nucleotide sequence and V and J
gene segment usage for both TCR-a and TCR- chains. Some clones were detected expressing
dual TCR-a chains (=10%), and few cells that were found containing more than three chains (for

either dual TCR-a and/or TCR-B chain) were discarded from the analysis.

In the paper | we also aimed to compare the TCR repertoire of different populations of
intestinal CD8+ T cells (IE and LP CD103+ cells, as well as LP CD103- KLRG1+ and KLRG1- cells).
For this analysis, we sorted 5000 cells of each CD8+ T-cell subset from 5 individuals, and we
prepared bulk-TCR sequencing libraries by semi-nested PCR targeting both TCR-a and TCR-B
genes, according to the protocol detailed in (Risnes et al., 2018). The quantity of the input
(mRNA) and the sequencing depth directly determine the TCR diversity that the method can
capture. In this protocol, we included three cDNA replicates for each TCR chain, and we found
that the correlation of the read counts for the clonotypes in the three replicates was high, which
indicates reproducibility of the TCR repertoire sequencing (Greiff et al., 2014). For downstream
analysis, the reads of the three replicates were collapsed, and only clonotypes (defined by
similar V and J gene usage and CDR3 nucleotide sequence) with a minimal read count of 10 were

used.
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In the paper IV, 10.000 IgA+ PCs of each PC subset (CD45+ CD19+, CD45+ CD19- and
CD45- CD19-) were sorted and high-throughput sequencing of the IgH region was performed
from cDNA, according to the protocol described by Snir et al. (Snir et al., 2015). Given the
complexity of these immune repertoire sequencing workflows and the possibility that batch
effects can influence the analysis, it is crucial to process the samples in a very standardized way:
similar numbers of cells as starting material, similar concentrations of the final product to

sequence, etc. in order to get comparable numbers of reads in all the subsets and individuals.

4.8 Retrospective carbon-14 dating of human cells

Traditional 3H-thymidine and BrdU incorporation methods have been extensively used in mice
to measure the turnover of cell populations in vivo, during relatively short periods of time. Ki67
intracellular staining allows the quantification of the cells in cycle at a given time but lacks

information regarding the proportion of cells that have been exchanged over a long period.

At the laboratory of professor Jonas Frisén at Karolinska Institutet (Stockholm) a new
method inspired in the *C measurements used in archeology have been developed to
retrospectively determine the age of humans cells (Spalding et al., 2005). The testing of nuclear
weapons during the 1950-60 generated massive levels of **C in the atmosphere, and after the
ban treaty in 1963 the *C levels dropped exponentially. The atmospheric *C is fixated in the
plants by photosynthesis, and then transmitted to humans through the food chain. DNA is a very
stable molecule that does not exchange the carbon after division, therefore, reflecting the levels
in the atmosphere at any given time point. The principle of this technique is that the
measurement of the *C levels in genomic DNA can be used to retrospectively determine the
birth date of cells in the human body (Bergmann et al., 2009; Spalding et al., 2008; Spalding et
al., 2013). This analysis gives an average age of the cell population with a precision of +2 years
but requires large number of cells as starting material (around 10 million cells). The resolution
of the technique (in time and number of cells) depends on when the cells were generated in
relation to when the individual was born. For this reason, in order to get a high sensitivity for
the analysis of the turnover of intestinal PCs we included samples from patients born both
before and after the nuclear bomb test. In addition, we included epithelial cells (average life

span =5 days) as a control for very short-lived cells.
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4.9 Statistical analysis

In the bioinformatic analysis of the immune repertoires of the papers | and IV, paired-
end raw sequencing reads were pre-processed (quality filtering, primer annotation, etc.) using
selected steps of the pRESTO toolkit (Vander Heiden et al., 2014), as described in detailed for
TCR and BCR repertoire analysis in (Risnes et al., 2018) and (Snir et al., 2015), respectively. Then,
sequences were aligned using the ImMunoGeneTics database (IMGT/High V-Quest online tool)
(Alamyar et al., 2012)) to identify the V,D, and J gene segments and the CDR3 region. Bulk TCR
data in paper | were preprocessed (VDJ alignment and clonotyping), using the MIXCR software
package (Bolotin et al., 2015), and the tcR package (Nazarov et al., 2015) was used for descriptive
statistics of the TCR clonotypes. In papers | and IV, the convergence of two different immune
repertoires was calculated using the Morisita Horn index, which quantifies the overlap of the
clonotypes taking into account their relative abundance across the different samples (Greiff et
al., 2015). TCR repertoire diversity was calculated using the Shannon Evenness index, which
ranges between 1 (uniform clonal population) and 0 (repertoire completely skewed towards one

clone) (Greiff et al., 2015).

Statistical analyses of flow-cytometric data were performed using versions 7 and 8 of
GraphPad Prism (GraphPad Software). Paired t-test was applied to compare two groups of
sample pairs (two cell subsets from the same patient sample, two time points, two experimental
conditions, etc.), and comparisons between two independent groups were analyzed by unpaired
t-test. Analysis of variance (ANOVA) was used to compare the means of three or more groups,
with or without paired observations (repeated measures). Tukey’s post hoc test was applied to
all pairwise comparisons to identify significant comparisons. Post hoc test are adjusted to
account for multiple comparisons, due to the increased chances of type | error (false positives)
in multiple comparisons (Skinner, 2018). When the variables were affected by two factors, two-
way ANOVA (with or without matching factors) and Tukey’s post hoc test were applied. Both t-
test and ANOVA require that the data in each group are normally distributed and that variability
is the same in all the groups (homogeneity of variances). In the cases where this last assumption
is not met, the Welch’s correction for unequal variances can be applied (Skinner, 2018). In those
experiments where the number of sample replicates was small, the normality of the data
distribution cannot be assumed and non-parametric test (Wilcoxon Signed Rank test and Kruskal
Wallis test) were used. For correlation analysis, Pearson correlation test was used. All tests were

performed as two-tailed test and a p-value of <0.05 was considered significant.
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5. DISCUSSION

The gut harbors the largest fraction of PCs and antigen-experienced T cells in the body
(MacDonald, 2008; Pabst et al., 2008). In healthy intestine, T cells constitute one third of the
immune cells in the LP, and PCs are almost as abundant as T cells. Intestinal T cells are seeded
in the fetus as early as the second trimester of pregnancy, whereas intestinal PC development
initiates later during infancy (Stras et al., 2019). During homeostasis, the intestinal mucosa is
continuously exposed to a massive antigenic load derived from dietary products and microbiota,
and the intestinal immune system must rapidly respond to this highly dynamic array of antigens.
This rapid immune response was thought to be provided by intestinal IgA, secreted by PCs that
were continuously generated in reaction to changes in the luminal content (Hapfelmeier et al.,
2010; Mattioli and Tomasi, 1973). On the other hand, it was long known that intestinal T cells
present an effector phenotype and display cytotoxic activity (Brandtzaeg et al., 1989; Lefrancois
et al.,, 1997; Muller et al., 2000; Ruthlein et al., 1992). CD69 was found to be expressed on
intestinal T cells, but it was considered indicative of early activation (Klein, 2004; Sancho et al.,
2005). Thus, intestinal T cells were thought to constitute recently activated effectors, probably
involved in current immune responses against intestinal pathogens or microbiota (Sheridan and
Lefrancois, 2010). Interestingly, the distinctive phenotype of intestinal IE CD8+ T cells,
characterized by CD69 and CD103 expression, was not observed on circulating T cells from
blood, suggesting that intestinal IE CD8+ T cells could be retained without leaving the tissue
(Masopust et al., 2006). This hypothesis was confirmed by subsequent studies in parabiotic mice,
demonstrating that IE CD8+ T cells present low degree of equilibration with their circulating
counterparts (Klein, 2004; Masopust et al., 2010).

In humans, the dynamics of intestinal T cell and PC populations in terms of recruitment,
renewal, exit rates, and residence time has been largely unknown. In the articles included in this
thesis, we performed a detailed characterization of the phenotype and the long-term
persistence of different populations of adaptive immune cells in the human small intestine and
we found that the majority of the intestinal PCs constitute long-lived cells with a lifespan of
several decades (paper 1V), and that stable residency and not recirculation is the main feature

of most of the intestinal T cells (papers I, Il and Il).
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Figure 11. Turnover of immune cells in human small intestine. Above: Median values for the replacement
kinetics of different immune subsets of the adaptive and innate system (for comparison) in transplanted
duodenum. Below: Estimated cell age for the different PC populations measured by C-14 retrospective
birth dating.

5.1 A chimeric system to study the in vivo turnover of immune cells in the
human small intestine.
Knowledge about the stability, migration and renewal of tissue-derived immune cell populations
in physiological and pathological conditions is fundamental in order to develop new therapeutic
approaches. The major aim might be to create optimized immunization strategies to elicit
durable humoral and T cell responses. However, experiments to decipher the longevity of

immune cell populations from non-lymphoid tissues are not easily performed in humans.

In our lab, the discovery that most PCs remained of donor origin in biopsies from grafted
duodenum at one-year after transplantation was initially evidenced by using X/Y FISH and
immunofluorescence in gender mismatched donor transplanted patients (paper IV), and
represented the first strong proof demonstrating that long-lived immune cells exist in the human
gut. Then, a flow cytometric approach was optimized for the identification of persisting donor
PCs and other immune cells in single-cell suspensions isolated from fresh duodenal biopsies of
transplanted duodenum from patients showing disparity of HLA-type | molecules with their
donors. This method offers more precise cell quantifications and the possibility to use additional
phenotypic markers to discriminate different cell types (Figure 11). Applying this analysis to
longitudinal samples, we found that intestinal PCs present very low replacement one-year post-
transplantation, especially the populations lacking CD19 expression. After a detailed phenotypic
classification of different populations of PCs was established, a strategy for large-scale PC
isolation was developed in order to analyze the content of C-14 in the DNA of these cells and

determine their absolute age (paper ).
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Due to difficulties in obtaining enough cells from pure populations, C-dating was not
applied to other immune cell types. However, the longitudinal analysis of biopsies from grafted
duodenum in patients undergoing pancreas-duodenal transplantation represented a unique
opportunity to track the maintenance and the in vivo generation of intestinal Trm cells over time
(Figure 12). Intestinal T cells were more dynamically replaced compared to PCs, but still we
found that most of the CD8+ and CD4+ T cells persisted for at least one year in transplanted
duodenum (papers | and Il). The migratory and residency features of T cells are less described
than conventional T cells. By tracking the proportions of donor and recipient-derived cells over
time we found that two populations of T cells, distinguished by Helios expression, presented
different turnover rates (paper Ill). Helios+ T cells were almost absent in biopsies taken one-
year post-transplantation, whereas considerable numbers of donor Helios- T cells remained

after one year, comparable to the persisting cells observed for CD4+ Trwm cells.
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Figure 12. T cell dynamics in grafted duodenum of pancreas transplanted patients. (A) Depiction of the
pancreas transplantation showing the duodenostomy anastomosis, as described in (Horneland et al.,,
2015). Credits: Rune Horneland, reprinted with his permission. (B) T cell migration patterns. Central
memory T cells (Tem) preferentially recirculate between the secondary lymph organs and blood whereas
effector memory T cells (Tem) circulate through blood and non-lymphoid tissues. We found that a large
fraction of donor T cells were maintained for one year in human duodenum, suggesting that they
constitute Trm cell populations.

To study the population dynamics of Tgm cells, the individual contributions of
recruitment, self-renewal and cell loss must be addressed (Morris et al., 2019). The recruitment
rate can be estimated by the fraction of incoming recipient cells in intestinal biopsies over time.
It is likely that, compared to the steady state situation, our results derived from transplanted
duodenum overestimate the physiological recruitment rate. It is been shown that ischemia and

reperfusion injury caused during the transplantation surgery may increase the recruitment of

leukocytes to the graft (Eguiluz-Gracia et al., 2016). In addition, it is likely that the
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immunosuppressive treatment, which includes ATG and drastically depletes T cells in blood,
might reduce the numbers of some populations of T cells (with recirculating potential) lodged in
the graft or might affect the physiological recruitment rate. Furthermore, we have found that
the replacement of intestinal immune cells increases (and it is almost complete) in those
patients experiencing graft rejection (unpublished results), in line with observations reported in
other transplantation studies (de Leur et al.,, 2019; Snyder et al., 2019; Zuber et al., 2016).
However, all the specimens included in the studies of this thesis were blindly evaluated by
experienced pathologists, and patients exhibiting histological or clinical signs of rejection in any
transplanted organ were excluded from the analysis. In contrast to whole bowel or multivisceral
transplantations, which are frequently associated with rejection episodes (Zuber et al., 2016),
pancreas transplantation presents lower frequency of rejections in the duodenum (Nordheim et
al.,, 2018). We have previously reported that DCs and some Mds are rapidly replaced in
transplanted duodenum (Bujko et al., 2018; Richter et al., 2018), which might increase the risk
of local alloreactivity. All the patients included in our studies presented chimerism in the graft,
although we found considerable interindividual variability in the fractions of recipient cells for
the different immune cell subsets. Therefore, it is likely that low-grade rejection might occur in

some cases without being detected at the clinical or histological level.

To account for the contribution of self-renewal in the homeostatic maintenance of PCs
and Trmcells, we measured the expression of the proliferative marker Ki67 in cells isolated from
healthy intestinal resections and eventually in transplanted biopsies, as a control. We found that
intestinal PCs exhibited extremely low proliferation (<1%), in line with their long lifespan
calculated by C-14 dating. The proliferative activity of intestinal CD8+ T cells and CD4+ T cells

was also low (median <5% and <4%, respectively).

Our turnover data correspond to static “snapshots” at different times (3 weeks, 6 weeks
and 52 weeks after transplantation) of a dynamic process that occurs continuously over time,
and caution must be taken in their interpretation. To investigate the contribution of Tgm
precursors to the Trm pool, we tracked the phenotypic changes of the graft-infiltrating recipient
cells in vivo during the one-year follow-up period. We found that incoming recipient cells
progressively acquired a Trm phenotype over time, demonstrating that in situ differentiation
occurs, in agreement with other observations in transplanted lung (Snyder et al., 2019). Donor
T cells surviving for more than 600 days in non-rejected intestinal grafts have been previously
reported (Zuber et al., 2016). In this study, patients were subjected to whole bowel
transplantation or multivisceral transplantation, which in both cases includes gut-associated

lymphoid tissue (such as Peyer’s patches) and MLNs. These organized lymphoid structures in the
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graft can release donor T cells and stem cells that enter the circulation and are often detected
in the blood of these patients long after transplantation (Fu et al., 2019). In our studies, the
patients received only the proximal part of the duodenum lacking GALT or lymph nodes and,
therefore, the contribution from lymphoid donor cells to the renewal of T cells in the graft is

negligible.

Finally, the contribution of the cell loss, including exit from the tissue and cell death,
must be evaluated to completely describe Trm cell homeostasis (Morris et al., 2019). We did not
find any significant reduction in the in-situ T cell counts from biopsies before and one year after
transplantation and neither detect T cell chimerism in blood from the transplanted patients,

together suggesting that the fraction of intestinal T cells leaving the tissue or dying is low.

5.2 Human Tgrm cells in small intestine recapitulate many of the features

described for murine Trwm cells.
Most of our knowledge about Trm phenotype and function derives from studies of antigen-
specific T cells in different mice models of infection. However, it has been reported that mice
kept in specific pathogen free (SPF) conditions contain lower numbers of Trum cells in peripheral
tissues compared to humans. In contrast, mice co-housed with pet-store mice (“dirty mice”)
present higher numbers of Trm cells compared to SPF mice, highlighting the importance of the
exposure to environmental antigens in the development of Tru cells (Beura et al., 2016; Reese
et al., 2016). These differences represent one of the major challenges to translate the Tru data

from mice studies into humans.

Knowledge about Trm cells in humans is still scarce, mainly due to difficulties in sampling
human tissues, for example from surgical resections. In general, both murine and human Tgwm
cells share a common phenotype, characterized by the expression of CD69 and CD103, the last

one mainly expressed on CD8+ Tru cells (Masopust and Soerens, 2019; Szabo et al., 2019).

CD69 is a C-type lectin receptor that has been traditionally considered an early leukocyte
activation marker, due to its rapid induction after TCR engagement or cytokine stimulation
(Cibrian and Sanchez-Madrid, 2017; Sancho et al., 2005). In the human small intestine, virtually
all the CD4+ and CD8+ T cells express CD69, and most of the LP CD8+ T cells (x80%) and virtually
all the IE CD8+ T cells express CD103. In contrast, only a fraction of the LP and IE CD4+ T cells
express CD103 (=20% and 60%, respectively). We found that recipient T cells infiltrating the graft

as early as 3 weeks after transplantation already expressed high levels of CD69, and this
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expression was further increased over time. CD69 is induced by local TGF-B (Casey et al., 2012;
Zhang and Bevan, 2013), and is upregulated soon after arrival into the intestinal mucosa in
parabiotic mice (Klonowski et al., 2004). CD69 plays a key role in preventing tissue egress and
favoring tissue residency by antagonizing with S1IPR1 (Mackay et al., 2015a; Shiow et al., 2006;
Skon et al., 2013). In addition, transcriptional downregulation of both S1PR1 and KLF2, the last
one being a transcription factor that controls S1PR1 expression, is required for Tru cell
establishment (Skon et al., 2013). Interestingly, some bona fide Tru populations lacking CD69
expression have been identified in parabiotic mice (Steinert et al., 2015), and Walsh and
colleagues have recently found that CD69 is dispensable for the establishment and maintenance
of stable CD8+ Trwm cells in certain non-lymphoid tissues, such as the intestinal LP and epithelium

(Walsh et al., 2019).

On the other hand, almost all the donor CD8+ T cells surviving for one year in the graft
were CD103+4, highlighting the importance of this integrin in the retention of CD8+ Tgwm cells by
binding to E-cadherin and tethering to epithelial cells (Cepek et al., 1994). However, we found
that 15% of the CD103- CD8+ T cells remained still of donor origin one year after transplantation,
which might indicate that the requirement for CD103 is not absolute. Supporting this notion, a
population of small intestinal CD103- CD8+ Tgwm cells has been described in a mouse model of

oral infection with Yersinia pseudotuberculosis. (Bergsbaken and Bevan, 2015).

Tissue residency and migratory patterns of CD4+ T cells have been less well
characterized compared to CD8+ T cells. CD4+ Trm cells have been identified in several non-
lymphoid tissues, such as the skin (Glennie et al., 2015; Watanabe et al., 2015), lung (Hondowicz
et al., 2018; Teijaro et al., 2011) and reproductive tract (lijima and Iwasaki, 2014). However,
some studies showed that skin CD4+ T-cell immunosurveillance rely more on continuous
recirculation rather than permanent residency (Collins et al., 2016; Gebhardt et al., 2011).
Moreover, the numbers of antigen-specific CD4+ T cells seemed to decline faster than CD8+ T
cells in mice models (Cauley et al., 2002; Homann et al., 2001; Seder and Ahmed, 2003), and
pulmonary CD4+ T cells are more rapidly replaced than CD8+ T cells in lung transplanted patients
(Snyder et al., 2019); together indicating that memory CD4+ T cells are less durable than CD8+ T
cells. We found that intestinal CD4+ T cells remained of donor-origin in grafted duodenum at
similar or even higher numbers than CD103+ CD8+ cells at one-year post-transplantation. In
addition, both CD103- and CD103+ CD4+ T cells persisted in the graft at similar rates, thereby
both can be functionally defined as Trm cells. In agreement with these results, intestinal CD4+ T
cell response after oral infection with Listeria monocytogenes was dominated by long-lived

CD103- CD4+ T cells in mice (Romagnoli et al., 2017), indicating that a large fraction of CD4+ T
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cell might be maintained by mechanisms independent of CD103. In a recent study, Klicznik and
colleagues reported that a distinct population of skin CD4+ Trum cells being CLA+ CD69+ CD103+
was able to downregulate CD69, exit the tissue and enter the circulation as CLA+ CD69- CD103+
cells in the steady-state (Klicznik et al., 2019). This study adds to the growing evidence that Tgrm
cells are highly heterogeneous (Bergsbaken and Bevan, 2015; Cheuk et al., 2017; Kumar et al.,
2018b; Kumar et al., 2017; Watanabe et al., 2015), revealing that few Tgm cells might still
conserved enough developmental plasticity to display migratory capacity under certain

conditions.

Small intestinal Treg cells induced in response to dietary antigens in mice have been
considered short-lived cells, showing continuous replenishment from circulating precursors (Kim
et al., 2016). We found that T, cells comprise two functionally distinct populations in human
small intestine, distinguished by their expression of the transcription factor Helios. Both
populations of intestinal T cells expressed CD69, but at lower levels (=40-50%) compared to
conventional CD4+ T cells. Interestingly, Trg cells presented higher fraction of CCR7+ cells than
conventional CD4+ T cells, which are predominantly CCR7- in human small intestine. The Helios+
Treg SUbset was completely replaced in donor duodenum at one-year post-transplantation and
lacked CD103 expression. In contrast, Helios- T cells were maintained in the graft after one

year, and this subset showed comparable CD103 expression than conventional CD4 T cells.

Transcriptomic profiling studies have demonstrated that CD69+ Trm cells are enriched
for expression of adhesion/homing molecules, including CD49a and CXCR6, and negative
regulators of activation such as PD-1 and CD101; which together form part of a core signature
in multiple tissues in humans (Kumar et al., 2018a; Kumar et al., 2017). Furthermore, Tru cells
from different anatomic regions present tissue-restricted phenotypic features, reflecting the
functional adaptations to each tissue environment (Cantero-Perez et al., 2019; Hayward et al.,
2020; Pallett et al., 2017; Smolders et al., 2018). In this regard, we found that both intestinal
CD8+ and CD4+ T cells exhibited high expression of NK-cell receptors, including CD161 and 2B4
(CD244), and reduced expression of CD28 compared to effector memory cells from blood. This
phenotype suggests that activation of intestinal T cells (specially IE T cells) is tightly controlled
by immunomodulatory markers responding to tissue-derived signals (Cabinian et al., 2018; Jabri
and Ebert, 2007), thus preventing tissue pathology. Unlike Trm cells from other tissues, including
brain, lung or pancreas (Hombrink et al., 2016; Kumar et al., 2017; Shwetank et al., 2017; Wakim
et al., 2010; Weisberg et al., 2019), PD-1 was expressed at reduced levels on intestinal CD103+

CD8+ Tgrm cells compared to blood effector memory CD8+ T cells. This may reflect that the
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environmental cues required for PD-1 upregulation on Trm cells depend on each particular tissue

or organ.

KLRG1, a NK-cell receptor highly expressed on terminally differentiated T cells (Henson
and Akbar, 2009), was expressed at variable levels on intestinal CD103- CD8+ and CD4+ T cells
but completely absent on CD103+ T cells. KLRG1 acts as a co-inhibitory receptor on T cells
(Rosshart et al., 2008), and can be used together with CD127 (IL7-R) to distinguish short-lived
memory precursor cells (SLPCs, KLRG1+ CD127- cells) from memory precursor cells (MPECs,
KLRG1- CD127+ cells) within the memory CD8+ T-cell population (Chang et al., 2014; Joshi et al.,
2007). KLRG1 and CD103 share a common ligand, E-cadherin (Schwartzkopff et al., 2015);
besides, the expression of both markers is regulated by TGF-B (Rosshart et al., 2008; Zhang and
Bevan, 2013). The action of TGF-B on T cells is dual, being required to induce CD103 expression
and to downregulate KLRG1 (Schwartzkopff et al., 2015). This duality might explain the mutually-
exclusive expression pattern that we found for these two markers on intestinal T cells. Although
both molecules share the same ligand, the binding of E-cadherin to CD103 or KLRG1 influence
the interactions of CD8+ T cells and their targets in different ways: whereas KLRG1 inhibits T-cell
effector function (Henson et al., 2009; Rosshart et al., 2008; Schwartzkopff et al., 2015), CD103

promotes cell-cell interactions and cytolysis (Le Floc'h et al., 2007).

Despite the substantial overlap in the phenotype of Trm cells in humans and mice, some
differences have been found in the transcriptional factors regulating Trm development.
Compared to circulating T cells, Trm cells express low levels of KLF2, Eomes and intermediate
levels of T-bet and Blimp-1 (Mackay and Kallies, 2017; Mackay et al., 2015b). Hobit, a
transcription factor homolog to Blimp-1, has been proposed as a master regulation of resident
leukocytes in mice (Mackay and Kallies, 2017; Mackay et al., 2016). However, several studies in
humans have reported low expression of this marker in Trm cells (Hombrink et al., 2016; Kumar
et al., 2017). In addition, Notch1 and Runx3 have been shown to play a role in Tru generation in
mice (Hombrink et al., 2016; Milner et al., 2017) and were found upregulated in lung Tru cells
compared to circulating cells by transcriptomic analysis in human samples (Hombrink et al.,

2016; Kumar et al., 2017; Oja et al., 2018; Snyder et al., 2019).

In mice models, antigen-specific CD4+ and CD8+ Tgru cells isolated from the same tissue
have exhibited similar transcriptional and phenotypic features, but also equivalent functional
capabilities after reinfection (Beura et al., 2019). In agreement with this, when stimulated with
PMA/ionomycin, a large fraction of both CD8+ and CD4+ Trw cells in LP produced high amounts

of IFN-y, IL-2 and TNF-a simultaneously. Polyfunctional T cells strongly correlate with enhanced
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protection after infection in mice, non-human primates and humans (Darrah et al., 2007; Seder
et al., 2008), and greater anti-tumor responses (Ding et al., 2012; Wimmers et al., 2016). These
cytokines secreted by Trum cells mediate direct pathogen elimination and induce other
neighboring cells (“sensing-and-alarm” function) to recruit circulating cells and promote
immune protection in the tissue (described in detail in Figure 13) (Ariotti et al., 2014; lijima and
Iwasaki, 2014; Schenkel et al., 2014). During infection, this sensing-and-alarm function can be
triggered in bystander Tru cells by antigen-independent mechanisms, resulting in protection
against unrelated pathogens (Ariotti et al., 2014; Ge et al., 2019). Given the abundance of
bystander CD8+ T cells in tumors (Rosato et al., 2019; Simoni et al., 2018), activated Tru cells
specific for unrelated antigens might synergize with neo-antigen specific CD8+ T cells to promote

tumor rejection.
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Figure 13. Protective recall responses mediated by CD8 Trm cells. Intraepithelial Trm cells are continuously
patrolling their local environment. Immediately after infection (hours), reactivated CD8+ Trm cells expressing high
levels of granzyme-B, may directly eliminate infected epithelial cells. Upon recognition of their cognate antigen,
activated CD8+ Trm cells can secrete high levels of pro-inflammatory cytokines (such as IFN-y, IL-2, TNF-a) that
act at different levels on the neighboring cells. These cytokines mediate the upregulation of interferon stimulated
genes (such as IFITM3) in the surrounding epithelial cells, which increases their resistance to viral infection. In
addition, these cytokines mediated the upregulation of chemokines and VCAM-1 to activate the endothelium
and recruit circulating B cells, Tem and Tem CD8+ and CD4+ T cells and monocytes into the tissue. Furthermore,
these cytokines promote the maturation of local dendritic cells and induce the activation of bystander memory
CD8+ T cells and natural killer cells, which in turn may also upregulate granzyme-B and promote the proliferation
of CD8+ Trm cells. Together, CD8+ Trm cells can trigger a cascade of events to alarm neighboring cells and promote
protective responses at the sites of pathogen encounter. Adapted from (Behr et al., 2018; Rosato et al., 2017).
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A fraction of the CD103- CD4 Tgwm cells (mean 3%) and CD103+ CD4+ CD4 Tgm cells (7%)
produced IL-17 in human small intestine at the steady state. IL-17 has been shown to play a
critical role in promoting intestinal homeostasis by maintaining the integrity of the epithelial
barrier (Maloy and Kullberg, 2008; Martinez-Lopez et al., 2019). Interestingly, increased
numbers of proinflammatory Ty17 cells displaying a Trm phenotype (CD69+ CD103+) have been
found in biopsies of IBD patients (Zundler et al., 2019).

In addition to their cytokine secretion, when LP CD8+ Trum cells were stimulated with
anti-CD3/CD28 beads, they expressed high levels of granzyme-B and perforin, suggesting that
they can directly kill infected cells. In addition, a fraction of LP CD4+ T cells (=40%) also displayed
production of granzyme-B after stimulation. In contrast to their LP counterparts, IE CD8+ Tgm
cells were less responsive to the stimuli used in these studies, producing less cytokines and
cytotoxic mediators. This hyporesponsiveness of IE T cells can be explained to some extent by
their higher rate of apoptosis ex vivo (Brunner et al., 2001), and their abundant expression of
immunomodulatory markers, such as 2B4, CD161 (showed in paper 1) and CD101 (Russell et al.,

1996), which might inhibition T cell activation and proliferation.

5.3 Adaptability to a highly dynamic antigenic environment is provided

by short-lived populations in human small intestine
Long-term B-cell and T-cell protection depends on the generation of durable memory
populations able to respond against reinfections. This persistent memory can be static or
dynamic. Static memory is provided by populations with long lifespan and presents low
plasticity. In contrast, dynamic memory is conferred by populations of cells with shorter
longevity but that can be perpetuated at the clonal level (by homeostatic proliferation or
differentiation from precursor cells), providing long-term memory with more flexibility to
different contexts (Macallan et al., 2017). Competition for space, homeostatic resources, etc.
may dictate how new specificities are incorporated into the niche of long-lived cells (Morris et

al., 2019).

In human small intestine, CD19+ PCs presented higher turnover and secreted more IgA
than the two other CD19- PC subsets, suggesting that they constitute a more dynamic PC subset
reacting against ongoing antigenic challenge. In contrast, CD19- PCs (including CD45- and CD45+

subsets) showed a lifespan of several decades and were enriched in rotavirus-specific cells.
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Rotavirus infection most often causes diarrheal disease in infants and young children, indicating
that CD19- PCs constitute static subsets that might provide almost life-long protection to
intestinal pathogens. CD45+ PCs showed intermediate turnover and phenotypic characteristics
compared to the other two PC subsets. In agreement with this, immunoglobulin repertoire
analysis revealed high clonal overlap between CD45+ PCs and the other two subsets, suggesting
that CD45+ PCs represent a transitional developmental stage between CD19- PCs and CD45+
PCs.

Large numbers of intestinal CD8+ and CD4+ T cells were maintained for one year in
transplanted duodenum, however the high variability in the replacement rates among patients
suggests that they constitute more dynamic populations compared to PCs. In order to study
whether long-term memory was conferred through clonal propagation, we examined the
conservation of the repertoire of donor CD8+ CD103+ Trm cells in biopsies from transplanted
duodenum of the same patient at baseline and one year after transplantation. Overlapping
clones (defined by paired TCRa and B chains) were detected across biopsies taken from different
sites (several centimeters aside) one-year apart from donor duodenum in the two patients
analyzed and recipient duodenum of one of the patients. This indicates that CD8+ Trm repertoire
is extremely stable and polarized towards expanded clones, in agreement with previous reports
showing oligoclonal expansions of intestinal T cells widely dispersed throughout the human
intestine (Gross et al., 1994). Comparing the TCR repertoire of different populations of intestinal
CD8+ T cells we found high similarity in the repertoires of LP and IE CD103+ CD8+ T cells,
suggesting that these two subsets were closely interconnected. In line with these results, the
turnover values of both subsets were strongly correlated, reinforcing the notion that both
populations constitute the same cell type located at different tissue compartments. In
agreement with this, a recent study using in vivo imaging demonstrated that murine intestinal
CD8+ T cells are constantly moving between the LP and the epithelium and vice versa (Thompson

et al., 2019).

In transplanted small intestine, incoming recipient CD8+ T cells early after
transplantation were mainly CD103- and acquired CD103 expression over time. This suggest
that CD103- CD8+ T cells constitute recently recruited cells and some of them might differentiate
into CD103+ Tgrw cells in situ. Around 60% of the intestinal CD103- CD8+ T cells expressed KLRG1,
a marker of short-lived effector cells (Joshi et al., 2007); and several studies in mouse have
evidenced that CD8+ Tgrm cells are generated from KLRG1- precursors (Mackay et al., 2013;
Sheridan et al., 2014). To better understand the relationship among the different intestinal CD8+

T-cell subsets, we compared their TCR repertoire and we found that CD103- KLRG1- cells were
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more closely related to CD103+ Trm cells than CD103- KLRG1+ cells. In addition, the KLRG1-
subset was more similar to CD103+ Trum cells in terms of phenotype and function (cytokine profile
and cytotoxic granule production), together indicating that they might constitute the
progenitors of CD103+ Trm cells also in humans (Figure 14). However, exposure to the abundant
local TGF-B might contribute to downregulate this marker (Schwartzkopff et al.,, 2015).
Furthermore, a population of KLRG1+ cells has been shown to lose KLRG1 expression and
differentiated into CD103+ CD8+ Tgm cells in mice (Herndler-Brandstetter et al., 2018), arguing
against the stability of this marker to distinguish between terminally differentiated cells and

memory precursor that retained enough plasticity to give rise to Trm cells.
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Figure 14. Trm differentiation. Activated T cells migrate from the secondary lymphoid organs to the sites
of infection, where they collaborate in eradicating the pathogen. Once the infection is resolved, a fraction
of these T cells lacking KLRG1 expression differentiated to Trm after exposure to the local environmental
signals, such as TGF-B. Trm differentiation program includes upregulation of molecules that promote the
retention in the tissue and downregulation of molecules involved in tissue egress. Reprinted from
American Journal of Transplantation, Volume: 17, Issue: 5, Pages: 1167-1175, First published: 02
November 2016, DOI: (10.1111/ajt.14101) © 2016, with permission from Wiley.

The combination of different factors including TCR signal strength, environmental cues,
co-stimulation, asymmetric division and cell metabolic state, plays a crucial role in determining
Trm fate (Chang et al., 2014). However, how these inputs are regulated and integrated to imprint
a specific Trm epigenetic program in precursor cells is not entirely elucidated yet. Priming of
committed precursors by specific DC subsets in the lymph nodes might also influence Tgrm cell
formation. In this regard, crosspriming by DNGR-1-expressing cDC1 cells was required to

generate Trm precursors in a model of vaccinia infection (Iborra et al., 2016).
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DISCUSSION

Little is known about the transcription factors involved in CD4+ Trm generation or which
type of effector subsets constitute the precursors of CD4+ Trm cells. Nonetheless, there is
evidence indicating that the requirements for CD4+ Tgm formation might differ from those
observed for CD8+ Tgwm cells in the same tissue. For example, pull and prime vaccination recruited
CD4+ and CD8+ effector T cells to the female reproductive tract and established CD8+ Trwm cells
in this site but not CD4+ Trm cells (Shin and Iwasaki, 2012). Moreover, in a model of
cytomegalovirus infection, antigen recognition was required for the generation of CD4+ Tgwm cells
but not for CD8+ Tru cells in the salivary gland (Thom et al., 2015). CD4+ Trm maintenance was
found to be dependent on the formation of clusters with other resident immune cells, including
CD8+ Trm cells and macrophages, in skin and female reproductive tract (Collins et al., 2016; lijima
and Iwasaki, 2014). On the other hand, CD4+T-cell help was found to be necessary for the

development of CD103+ CD8+ Tgm cells after influenza infection in the lung (Laidlaw et al., 2014).

6. FUTURE PERSPECTIVES

The advances in our understanding of turnover and retention of intestinal adaptive immune cells
have profound implications for the treatment of intestinal diseases and the design of new
therapeutic interventions, such as mucosal vaccines to elicit long-lived antibody and T-cell

mediated responses.

Intestinal secreted IgA directly interacts with commensal bacteria and regulates the
composition of the intestinal microbiota. In this regard, long-lived PCs could be crucial players
to promote a healthy microbiota by ensuring its stability and diversity over time (Jahnsen et al.,
2018). Targeting long-lived PCs in oral vaccines or immunological therapeutic settings could be
a promising approach for those diseases caused by dysbiosis in the gut. Furthermore, emerging
evidence reveals the central role of microbiome modulating human immunity, for example in
the contexts of cancer immunotherapy (Mullard, 2018) and vaccination (Hagan et al., 2019). This
opens up the possibility for the implementation of new therapeutic approaches targeting IgA-
producing PCs to modulate the microbiota before other immunotherapeutic treatments or

vaccines are administered.
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Since their discovery in the last decade, the study of tissue-resident memory T cells has
been a very active area of research. There is compelling evidence showing that Trm cells provide
protective responses and long-term immunity against a broad variety of viral, bacterial, fungal
and parasitic infections, reviewed in (Muruganandah et al., 2018). This knowledge is fostering
the development of new immunization strategies using optimized routes of administration (e.g.
“prime-and-pull” vaccines) to establish pathogen-specific Tru cells at target locations. Among
those approaches, Trm -mediated protection has been generated against herpes simplex virus
type-2 (HSV-2), Salmonella enterica serovar Typhi (S. Typhi), human papillomavirus, malaria and
simian/human immunodeficiency virus (SHIV) (Bernstein et al., 2019; Booth et al., 2019; Cuburu
et al., 2019; Fernandez-Ruiz et al., 2016; Petitdemange et al., 2019; Shin and Iwasaki, 2012).
Interestingly, vaccination strategies inducing both CD8+ Trwm cells and antibody responses
provided superior protection against mucosal SHIV-infection in macaques (Petitdemange et al.,

2019).

Several studies have demonstrated that Tgrm cells play a significant role in immunity
against cancer (Enamorado et al., 2017; Malik et al., 2017; Nizard et al., 2017; Park et al., 2018b).
Adoptive cell therapy using chimeric antigen receptor (CAR) T cells or tumor-infiltrating
lymphocytes have shown limited success in solid tumors, mainly due to difficulties in reaching
the tumors and surviving long-term in the tumor microenvironment (D'Aloia et al., 2018). Single-
cell transcriptomic analysis of infused tumor-infiltrating lymphocytes from a metastatic
colorectal cancer patient experiencing partial response revealed a distinct signature
characterized by increased expression of ITGB1, IL-7R (CD127) and ZNF683 (Hobit) in those T-
cell clones persisting long-term in blood (Lu et al., 2019). This suggests that the identification of
tumor-infiltrating lymphocytes with the potential to migrate and survive long-term (in blood and
preferably in the tumor) might lead to improved adoptive cell therapies for solid tumors. In
addition, Trum cells infiltrating tumors often present high PD-1 expression (often as part of their
intrinsic  tissue-residency program), making them sensitive to checkpoint blockade
immunotherapy (Park and Mackay, 2017). Furthermore, bystander CD8+ Trm cells with
specificities against previous viral infections can be activated and repurposed to promote

immune activation in the tumor microenvironment (Rosato et al., 2019).

There is increasing evidence showing that Trm cells are involved in the pathogenesis of
tissue-specific autoimmune and inflammatory diseases, such as psoriasis (Cheuk et al., 2017;
Clark, 2011), inflammatory bowel disease (Noble et al., 2019; Zundler et al., 2019) and others,

recently reviewed in (Sasson et al., 2020). Moreover, pathologic Ty2 resident memory cells can
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be established after inhaled exposure to allergens in a mouse model of asthma (Hondowicz et
al., 2016). Better knowledge about the factors driving Tru cell development and maintenance
will stimulate the development of new therapeutic targets used to selectively deplete Trm cells

while keeping the systemic immunity intact.

Trm cells constitute the vast majority of the total T-cell compartment in the body, whereas
blood T cells comprise only a small fraction of the total T-cell pool (Thome et al., 2014). Unlike
circulating T cells, Trm cells in peripheral tissues are highly resistant to immunosuppressive and
conditioning regimens (Lutter et al., 2018b; Turner et al., 2014). The implications of the long-
term persistence of donor Tgrm cells in the graft outcome are still uncertain, because Tgrm cells
involved in both protective and inflammatory responses have been described in transplantation
settings. For example, passenger donor Trum cells persisting in face transplants have been found
associated with tissue injury in rejected allografts (Lian et al., 2014). However, donor Tru cells
might also provide protection against infections in grafts of immunocompromised transplanted
patients through sensing and alarm functions (Beura et al., 2017) (Figure 15). This way,
persistent donor Trm cells could prevent inflammation caused by cross-reactive pathogenic
antigens and promote longer graft survival. In line with this hypothesis, studies in lung and whole
bowel (or multivisceral) transplanted patients have revealed that rejection cases correlate with
lower numbers of donor Tru cells in the graft (Snyder et al., 2019; Zuber et al., 2016); and our

observations also agree with this (unpublished results).

On the other hand, potentially alloreactive host T cells might migrate to the graft and
differentiate into Trwm cells, incrementing the risk of late rejection. It is well established that
lymphopenic conditions promote the proliferation of naive T cells, in a mechanism dependent
on IL-7 and self-peptide MHC-recognition (Jameson, 2002). This naive T cells undergoing
homeostatic proliferation can reach the peripheral tissues and differentiate into Trum cells (Casey
et al., 2012). Thus, it might be the case that immunosuppressive regimens to prevent graft
rejection became part of the problem by promoting proliferation and differentiation of
alloreactive host T cells, establishing them as persistent Trm cells in the graft (Beura et al., 2017).
The contribution of host T cells to graft-versus-host-disease (GVHD) pathogenesis in skin and
colon has been reported in a recent study from our group, revealing a mechanism that involves

activation by adjacent donor-derived APCs (Divito et. al J Clin Invest, in press).
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Differentiation (.7
into effectors
and egress ?

Figure 15. Role of Trm cells in transplantation. Reprinted from American Journal of
Transplantation, Volume: 17, Issue: 5, Pages: 1167-1175, First published: 02 November 2016,
DOI: (10.1111/ajt.14101) © 2016, with permission from Wiley.

Remaining challenges in the field:

To decipher T-cell immune surveillance in peripheral tissues, extrapolations of analysis
from blood are not possible, making necessary to sample the tissues directly. This approach
presents technical difficulties, including sample availability, time consuming protocols, blood
contamination, poor isolation efficiencies and poor cell viability. Technical improvements in
microscopy methods, such as quantitative immunofluorescence or highly multiplexed
immunofluorescence protocols (e.g. CODEX) will improve the characterization and
guantification of tissue-resident populations. In addition, the broad application of single-cell
spatial transcriptomic methods will circumvent the artifacts caused by tissue digestion,
providing valuable information about the interactions between Trwm cells, Treg cells, PCs and their

neighboring cells in the context of the tissue architecture.

There is increasing evidence showing the risk of using CD69, alone or together with CD103,
to infer tissue residency. Hence, dissecting Trm cell heterogeneity and identifying reliable and
unambiguous markers to correctly distinguish Trm cells from circulating T cells or from “ex- Trm

cells” re-differentiated into circulating cells, is one of the major challenges in the field.These
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markers might be restrained to specific tissues, or to certain species (different in mice versus
humans). However, perhaps these differences between bona fide Trm cells and “Trm-but still

circulating cells” are not found in the phenotype but imprinted as epigenetic marks.

A recent report has revealed a crucial role of TGF-f3 in the epigenetic pre-conditioning of
resting naive CD8+ T cells, preparing them to undergo Trum cell differentiation (Mani et al., 2019).
Approaches applying epigenetic analysis, such as ATAC-seq, to specific populations of Tgum cells
and precursor T cells will aid to elucidate the signatures for Trwm cell differentiation and the
interconnection with committed precursors. Knowledge about CD4+ Tgrm cell development and
ontogeny is very incomplete compared to that of CD8+ Trwm cells, and efforts must be done to

advance also in this area.

Information about the specificities of Tru cells and T.eg cells in different human tissues is
lacking. Methods to analyze antigen-specific T cells, such as MHC multimers, applied together
with TCR sequencing analysis will provide new insights to the understanding of Trm cell / Treg cell
selection and differentiation, and will aid to investigate how clones of different specificities
compete for their survival in the tissue. Of particular interest is the relationship between
intestinal T cells and the microbiota members, which might be untangled by developing new

functional assays to study the specificities of T cells against a broad array of commensals.

Resident immune cells need to adapt to their particular tissue environment, for example
to oxygen tension and available metabolites. These tissue-specific adaptations are probably
shared among Tgrm cells and other residents, such as PCs, Treg cells, y&-T cells, iNKT cells and
ILCs. Metabolic adaptations are also needed for the transition from effectors to memory cells,
and the impact of the metabolic profile in the maintenance of Trm cells in the tissues is starting
to be elucidated. Finally, the implementation of in vitro systems recapitulating these tissue
conditions, such as organoids, might provide novel insights about the functional adaptations of

tissue-derived cells.
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Resident memory CD8 T cells persist for years in

human small intestine

Raquel Bartolomé-Casado'®, Ole |.B. Landsverk!®, Sudhir Kumar Chauhan*?@, Lisa Richter**®, Danh Phung'®, Victor Greiff*®, Louise F. Risnes>®,
Ying Yao*®, Ralf S. Neumann*¢@®, Sheraz Yaqub’®, Ole @yen®®, Rune Horneland®®, Einar Martin Aandahl?8, Vemund Paulsen’®,
Ludvig M. Sollid*>@®, Shuo-Wang Qiao**@®, Espen S. Baekkevold'®, and Frode L. Jahnsen'®

Resident memory CD8 T (Trm) cells have been shown to provide effective protective responses in the small intestine (SI) in
mice. A better understanding of the generation and persistence of S| CD8 Trm cells in humans may have implications for
intestinal immune-mediated diseases and vaccine development. Analyzing normal and transplanted human SI, we
demonstrated that the majority of SI CD8 T cells were bona fide CD8 Trm cells that survived for >1 yr in the graft.
Intraepithelial and lamina propria CD8 Trm cells showed a high clonal overlap and a repertoire dominated by expanded clones,
conserved both spatially in the intestine and over time. Functionally, lamina propria CD8 Trm cells were potent cytokine
producers, exhibiting a polyfunctional (IFN-y* IL-2* TNF-a*) profile, and efficiently expressed cytotoxic mediators after
stimulation. These results suggest that SI CD8 Trm cells could be relevant targets for future oral vaccines and therapeutic

strategies for gut disorders.

Introduction

Studies in mice have shown that the intestine contains high
numbers of resident memory CD8 T (Trm) cells (Steinert et al.,
2015). CD8 Trm cells are persistent, noncirculatory cells that
provide particularly rapid and efficient protection against
recurrent infections (Ariotti et al., 2014). In addition to their
cytotoxic activity, CD8 Trm cells are efficient producers of
proinflammatory cytokines that rapidly trigger both innate and
adaptive protective immune responses (Schenkel et al., 2014).
Thus, CD8 Trm cells are attractive targets for vaccine develop-
ment against intracellular pathogens (Gola et al., 2018) and
cancer immunotherapy (Park et al., 2019).

Although studies in mice have significantly advanced our
understanding of CD8 Trm cell function in the intestine (Jabri
and Ebert, 2007; Sheridan et al., 2014; Konjar et al., 2018),
translation of mouse data into humans should be implemented
with caution. Specifically, the generation of T cell memory in
humans occurs after exposure to a broad variety of pathogens
and commensals over many decades of life, which cannot be
recapitulated in mouse models. Most mice are maintained in
specific pathogen-free conditions that reduce their microbiome

diversity, which in turn influences the immune homeostasis and
response to pathogens in the intestine (Maynard et al., 2012; Tao
and Reese, 2017). Moreover, murine intraepithelial (IE) CD8
T cells constitute a heterogeneous population of unconventional
CD8aa* and conventional CD8af* T cells, with partially over-
lapping effector properties but different developmental origins
(McDonald et al., 2018). In contrast, their human counterparts
mainly consist of conventional CD8ap-expressing cells (Jabri
and Ebert, 2007).

Under steady state conditions, the human small intestine (SI)
is densely populated by CD8 T cells, in both the lamina propria
(LP) and the epithelium. However, most studies of human SI
CD8 T cells have focused exclusively on IE CD8 T cells (Abadie
et al., 2012). Therefore, there is currently very limited knowl-
edge about several functional aspects of SI CD8 T cells. For ex-
ample, is the CD8 T cell population heterogeneous? Are the CD8
T cells persistent or circulating cells? What are their cytotoxic
and cytokine-producing capacity? To what extent are LP and
IE CD8 T cells clonally related? To consider using SI CD8 T cells
as targets to design effective oral vaccines and to understand
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their involvement in immune-mediated diseases, these are
critical questions to address.

Analyzing the CD8 T cell compartment in the normal SI as
well as in a unique transplantation setting in humans, we report
that most SI CD8 T cells are Trm cells that persist for >1 yr in the
epithelium and LP. High-throughput TCR sequencing (TCR-seq)
showed a polarized immune repertoire and high clonal relat-
edness between IE and LP CD8 Trm cells. Functionally, the mi-
nor population of LP CD103~ CD8 T cells was transient in the
tissue and produced fewer cytokines but had more preformed
cytotoxic granules. In contrast, we demonstrate that activated
CD8 Trm cells expressed high levels of multiple cytokines
(polyfunctional) and showed de novo production of cytotoxic
granules. Thus, SI CD8 Trm cells have potent protective capa-
bilities and present functional roles similar to CD8 Trm cells
described in mice.

Results
Most CD8 T cells in the human S| express a resident
memory phenotype
To determine whether the human SI contains persisting CD8
T cells, we first examined biopsies from donor duodenum after
pancreatic-duodenal transplantation (Tx) of type I diabetic pa-
tients (Horneland et al., 2015). Using fluorescent in situ hy-
bridization probes specific for X/Y chromosomes on tissue
sections where patient and donor were of different gender, we
could precisely distinguish donor and recipient cells and con-
sistently detected a high fraction of persisting donor CD8 T cells
1yr after Tx (Fig. 1 A).

This finding encouraged us to further characterize SI CD8
T cells, and to this end we examined resections of proximal SI
obtained from pancreatic cancer surgery (Whipple procedure)
and from donors and recipients during pancreatic-duodenal
Tx (baseline samples). All tissue samples were evaluated by
pathologists, and only histologically normal SI was included.
Peripheral blood (PB) was collected from Tx recipients and
pancreatic cancer patients, and PB mononuclear cells (PBMCs)
were isolated and analyzed by flow cytometry together with
single-cell suspensions from enzyme-digested LP and IE. The
cross-contamination between IE and LP fractions was negligible,
attested by complete removal of epithelial cells assessed by
histology (Fig. S1 A) and by low numbers of epithelial cells in the
LP fraction detected by flow cytometry (Fig. S1 B). We found
that, in blood and SI-LP, CD8 T cells constituted about a third of
the CD3 T cells, while CD8 T cells dominated (>75%) in the ep-
ithelium (Fig. S1 C). Almost all SI CD8 T cells were TCRaf*
(=99.8% in LP and 98.7% in epithelium; Fig. S1 D), and virtually
all expressed the coreceptor CD8af (Fig. S1 E). The vast majority
of SI CD8 T cells exhibited a CD45RO* CD45RA~ L-Sel- CCR7-
effector memory phenotype (Fig. 1 B), whereas PB also contained
a substantial fraction of naive (CD45RO~ CD45RA* CCR7* L-Sel*)
and central memory (CD45RO* CD45RA- CCR7* L-Sel*) CD8
T cells (Fig. 1 B).

To further define and compare LP and IE CD8 T cells with PB
CD8 T cells, we performed t-distributed stochastic neighbor
embedding (t-SNE) analysis including classic Trm markers and
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functional (e.g., costimulatory and inhibitory) receptors associ-
ated with a Trm phenotype (Mackay et al., 2013; Thome et al.,
2014; Fergusson et al., 2016; Kumar et al., 2017). LP and IE CD8
T cells clustered together and were distinct from PB CD8 T cells
(Fig. 1 C, left). By visualizing the expression pattern for each
marker, we confirmed that cells expressing CD45RA and CCR7
were confined to the PB clusters, whereas the Trm markers
CD69 and CD103 were expressed only on tissue-derived CD8
T cells. ST CD8 T cells also showed high expression of the co-
inhibitory receptor 2B4 (SLAMF4) and the C-type lectin natural
killer receptor CD161, whereas CD28 and killer-cell lectin like
receptor G1 (KLRG1) were expressed at higher levels on PB CD8
T cells. CD127 (IL7 receptor-a), NKG2D, and PD-1 did not show
any clustered expression (Fig. 1 C).

Virtually all LP and IE CD8 T cells expressed CD69 (97.15%
and 99.6%, respectively). CD103 was expressed by most (76%)
LP CD8 T cells and by all IE CD8 T cells (Fig. 1 D), whereas the
minor population of LP CD8 T cells lacking CD103 was more
similar to PB CD8 T cells (Fig. 1 C). Given that CD103 is the
currently most established marker to infer residency at mucosal
surfaces (Beura et al., 2018b), we evaluated the phenotypic
profiles of CD103* and CD103~ SICD8 T cells in a larger cohort of
donors (Fig. 2 A). CD127 was expressed by a larger fraction of LP
CD103* CD8 T cells than IE CD103* and LP CD103~ CD8 T cells
(Fig. 2 A). However, IE CD103* CD8 T cells had higher expression
of 2B4 and CD161 compared with CD103~ CD8 T cells. NKG2D was
broadly expressed on all SI CD8 T cell subsets, but showed sig-
nificantly higher expression in the CD103~ compartment. In
addition, we found consistently higher numbers of cells positive
for CD28, PD-1, and KLRGI within the CD103~ CD8 T population
compared with both LP and IE CD103* cells (Fig. 2 A). Interest-
ingly, approximately half of the CD103- CD8 T cells expressed
KLRG1, whereas most CD103* CD8 T cells were KLRG1-, and
plotting CD103 versus KLRG1 divided LP CD8 T cells into three
distinct subsets (Fig. 2 B). The distribution of these three LP CD8
T cell subsets was conserved lengthwise in the SI, as demon-
strated by their similar representation in mucosal biopsies taken
several centimeters apart in the same SI (Fig. S2 B). We also
analyzed the expression of the proliferation marker Ki67 by
intracellular staining and flow cytometry. We detected few Ki67-
positive cells (median <5%) in all CD8 T cell subsets from normal
SI samples (Fig. 2 C), indicating that the proliferative activity of
SI CD8 T cells under steady state conditions is low. To summa-
rize, we showed that the majority of LP CD8 T cells and nearly all
IE CD8 T cells express a Trm phenotype (CD103* KLRGI),
whereas a minor fraction in the LP was more similar to PB CD8
effector memory cells, being CD103~ KLRGI*/~.

CD8 Trm cells persist for 21 yr in transplanted SI

Next, we wanted to determine whether CD8 T cells expressing a
Trm phenotype were maintained over time in the human SI. The
in vivo replacement kinetics of CD8 T cells in duodenal biopsies
obtained by endoscopy was examined at 3, 6, and 52 wk after Tx
(Horneland et al., 2015; for details, see Fig. S3 A). Most donors
and patients express different HLA type I molecules, making it
possible to accurately distinguish persisting donor cells from
newly recruited incoming recipient cells in the graft by flow
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Figure 1. Human Sl mucosa harbors a substantial population of CD8 T cells with a Trm phenotype. (A) Representative confocal image of a tissue section
from a male donor duodenum 1 yr after Tx into a female patient stained with X/Y chromosome fluorescent in situ hybridization probes (Y, green; X, red) and
antibodies against CD8 (red) and CD3 (blue). Hoechst (gray) stains individual nuclei, and white arrows indicate donor (male) CD8 T cells (n = 8). Scale bar,
50 um. (B) Expression of classic lymph node homing and memory markers on PB, LP, and IE CD8 T cells. Representative contour plots and compiled data for
each marker are given. Tcm, central memory CD8 T cell; Tem, effector memory CD8 T cell; Tn, naive CD8 T cell. (C) t-SNE map showing the distribution of PB
(red), LP (gray), and IE (green) CD8 T cell clusters (left). Overlay of the t-SNE map with expression levels for each marker, color-coded based on the median
fluorescence intensity values, representative of three samples. See Fig. S2 A for details on preprocessing of flow data for t-SNE analysis. (D) Compiled data for
the expression of CD69 and CD103 on PB, LP, and IE CD8 T cells. Black bars in B and D indicate mean values. Statistical analysis was performed using one-way
ANOVA with Tukey’s multiple comparisons test. ns, not significant; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

cytometry (Landsverk et al, 2017; Fig. 3 A). Only patients
without histological or clinical signs of rejection were included
(n = 32). At 3 and 6 wk after Tx, the vast majority of LP and IE
CD103" CD8 T cells were still of donor origin (Fig. 3 B). Of note,
on average >60% of both LP and IE CD103* CD8 T cells were still
of donor origin 1 yr after Tx, although there was considerable
interindividual variation, with some patients showing hardly

any replacement at all (Fig. 3 B).
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Immunophenotyping showed that the persisting donor CD103*
CD8 T cells expressed a Trm phenotype similar to the baseline
situation (Fig. S3 B). LP CD103~ CD8 T cells were more rapidly
replaced by recipient CD8 T cells, and at 6 wk after Tx, only 34% of
the cells were of donor origin; however, after 1 yr, the LP CD103~
CD8 T cell compartment still contained ~15% donor cells (Fig. 3 B).

Within the LP CD103~ CD8 T cell population, the percentages of

donor KLRG1* and KLRGI- cells were highly correlated (r* = 0.67,
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Figure 2. LP and IE CD103* CD8 T cells are phenotypically distinct from LP
median fluorescence intensity (MFI) values for various markers on LP CD103, LP

LP IE

CD103- CD8 T cells in normal human SI. (A) Percentage of positive cells or
CD103*, and IE CD103* CD8 T cells in histologically normal SI. Representative

histograms for all markers are given with color codes (left): LP CD103" (red), LP CD103* (blue), IE CD103* (green) CD8 T cells, and fluorescence minus one (fmo)
control (gray). Black bars indicate mean values. (B) Representative contour plot (left) and fraction of LP CD103* and CD103~ CD8 T cells expressing KLRGL
(right, n = 54). Red bars indicate mean values. (C) Representative dot plot (left) and percentage of LP CD103*, LP CD103", and IE CD103* CD8 T cells expressing
Ki67 (right graph, n = 10). Black bars indicate median values. Statistical analysis was performed using one-way ANOVA for repeated measures with Tukey’s
multiple comparisons test. ns, not significant; *, P < 0.05; **, P < 0.0L; ***, P < 0.001; ****, P < 0.0001.

P < 0.0001), suggesting a comparable replacement rate (Fig. 3 C).
A similar replacement correlation was also found for CD103* CD8
T cell subsets in LP and IE (r*> = 0.82, P < 0.0001; Fig. S3 C). An-
alyzing recipient CD8 T cells, we found that 60-70% of incoming
LP CD8 T cells were CD103- KLRG1*/~ at 3 and 6 wk after Tx (Fig. 3,
D and E). However, 1 yr after Tx, more than half of recipient LP
CD8 T cells expressed a Trm phenotype (CD103* KLRG1"), whereas
the relative fractions of CD8 T cell phenotypes were stable at all
the time points in the native duodenum (Fig. 3, D and E). This
suggested that incoming CD103~ CD8 T cells gradually differenti-
ated into CD103* Trm cells, and that the relative distribution of the
CD103* subset within the total recipient CD8 T cell compartment
at 1 yr after Tx became similar to the steady state situation (Figs.
2 Band 3, D and E). Flow-cytometric analysis of biopsies obtained
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from the adjacent recipient duodenum did not show any donor-
derived CD8 T cells, indicating that lateral migration or propaga-
tion from any residual lymphoid tissue in the graft was not
occurring (Fig. S3 D).

To evaluate whether the surgical trauma, immunosuppres-
sive treatment, and leukocyte chimerism was influencing the
absolute numbers of SI CD8 T cells in the transplanted duode-
num, we performed immunohistochemical staining of biopsies
obtained at different time points from the same patients. No-
tably, we found that the overall density of CD8 T cells in
transplanted duodenum was stable throughout the 1-yr follow-
up period (Fig. S3 E). Moreover, flow-cytometric analysis of
Tx tissue showed very few Ki67* cells among the donor LP and
IE CD103* CD8 T cells (Fig. S3, F and G), similar to steady state
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levels (Fig. 2 C), indicating that proliferation was not a major
contributing factor to the persistence of donor T cells in trans-
planted intestine. Taken together, these results show that SI
CD103* CD8 T cells can survive for 21 yr in the tissue and suggest
that CD103~ CD8 T cells recruited to the SI may differentiate into
Trm cells in situ.

Single-cell TCR repertoire analysis supports long-term
persistence of CD103* CD8 T cells in transplanted intestine

To further explore and verify the long-term persistence of SI
CD8 Trm cells in Tx, we studied the conservation of the immune
repertoire of SI CD103* CD8 T cells over time at the single-cell
level. Specifically, we performed single-cell high-throughput
TCR-seq of donor LP CD103* CD8 T cells sorted from the graf-
ted duodenum before and 1 yr after Tx. To determine if the
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degree of chimerism might affect the TCR repertoire, we in-
cluded samples from one patient exhibiting high T cell re-
placement 1 yr after Tx (Ptx#1; 5% donor CD8 T cells) and one
patient with low replacement (Ptx#2; 70% donor CD8 T cells; for
sorting gating strategy, see Fig. S4 A). As a control, we also
performed single-cell TCR-seq of LP CD103* CD8 T cells from
biopsies of the native (i.e., autologous, nontransplanted) duo-
denum of one patient (Ptx#2).

First, we investigated how many cells with the same clono-
type (defined by identical nucleotide TCRa-B chains) were
present in samples from the same individual taken before and
1 yr after Tx. Strikingly, despite the limited sampling, we de-
tected overlapping clonotypes in biopsies obtained 1 yr apart in
both transplanted and nontransplanted tissue. We found that
12% of the clonotypes identified at baseline were present 1 yr
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after Tx in patient Ptx#1, whereas a 50 and 37% overlap was
detected in patient Ptx#2 (donor and native duodenum, re-
spectively; Fig. 4 A). The frequency distribution of the TCRa-B
clonotypes at both time points was similar in all the paired
samples, and the first 10 clones with higher clonal size (8 of 21
clonotypes and 10 of 35 clonotypes on average, at week 0 and
week 52, respectively) represented approximately half of the
repertoire in all the cases, indicating significant clonal expan-
sion (Fig. 4 B). Most of the unique TCRa-B sequences were de-
rived from relatively small clones (expressed only by one cell),
whereas a higher proportion of expanded clones were found
among those shared at both time points (Fig. 4 C).

In agreement with other reports (Han et al., 2014), we found
that TCR-seq efficiency was consistently lower for TCRa. To
analyze a larger number of cells, we therefore calculated the
clonal overlap using only the TCRP chain sequence. In all paired
samples, the percentage of overlapping TCRp clonotypes was
comparable to that calculated for TCRa-B clonotypes (Fig. 4 D).
Furthermore, TCRP analysis showed that the shared clones were
more expanded both at baseline and at 52 wk compared with the
unique clones (Fig. 4 E). The degree of clonal overlap and the
frequency of expanded clones were similar in the grafted and
the native duodenum from the same patient (Ptx#2), suggesting
that chimerism in the transplanted SI did not trigger an exces-
sive allo-driven clonal expansion. This was substantiated by the
finding that CD8 T cells showed low expression of the prolifer-
ation marker Ki67 (Fig. S3, F and G). Together, these results
confirmed that persisting CD8 Trm cells survive for =1 yr in
transplanted duodenum and showed that relatively few ex-
panded clonotypes constitute a considerable fraction of the CD8
Trm repertoire.

LP and IE CD103* Trm cells present similar immune repertoire

The replacement kinetics and phenotype of CD8 T cells in
transplanted SI (Figs. 3 B and S3 B) suggested that both IE and
LP CD103* CD8 T cells are Trm cells, whereas CD103~ KLRG1*/~
CD8 T cells were more dynamic subsets that have the potential
to differentiate into CD103* CD8 T cells (Fig. 3, D and E). To
further interrogate the relationship among the SI CD8 T cell
subsets, we sorted LP and IE CD103* CD8 T cells as well as
KLRG1* and KLRG1- LP CD103" subsets from five SI samples.
RNA was isolated, and TCRa and TCR genes were amplified by
seminested PCR, including three cDNA replicates for each TCR
chain (Fig. S4 B). Correlation of the read counts for the clono-
types found within the three molecular replicates was high
(Fig. S4 D), indicating reproducibility of the TCR repertoire
sequencing (Greiff et al., 2014). To determine whether different
SI CD8 T cell subsets shared a common clonal origin, we
calculated the percentage of overlapping clones and the
Morisita-Horn similarity index for all the pairwise compar-
isons of both TCRa and TCRP clonotypes. We found that the
repertoire of LP and IE CD103* CD8 T cells was very similar,
with a clonal overlap of 35.6 and 37.5% and Morisita-Horn
indexes of 0.66 and 0.7, respectively (Fig. 5, A and B). Both
CD103~ CD8 T cell subsets had a relatively low degree of sim-
ilarity with the CD103* subsets. However, notably, the
Morisita-Horn index was 10-fold higher comparing LP and IE
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CD103* CD8 T cells with the KLRGI™ subset than with the
KLRGI* subset (Fig. 5 B).

To better understand the extent of clonal overlap within the
SI CD8 T cell population, we measured overlapping clones
across all the SICD8 T cell subsets. Interestingly, we found that
some clones were shared among three or even all four CD8
T cell subsets (representative sample in Fig. 5 C), suggesting
that the same progenitor cell can give rise to all memory CD8
T cell subsets. We next assessed the clonal diversity for each
subset by calculating the Shannon evenness index, which de-
scribes the extent to which a distribution of clonotypes is
distanced from the uniform distribution, with values ranging
from 0 (least diverse, clonal dominance) to 1 (highly diverse,
all clones have the same frequency; Greiff et al., 2015b). We
found that all four SI CD8 T cell subsets displayed relatively
low evenness values (Fig. S4 F), indicating a polarized reper-
toire with prevalence of certain clones. Fig. 5 D shows the
abundance of the 10 most expanded TCRa and TCRf clonotypes
in each sample. Notably, a few dominant clones constituted
a large fraction of the total repertoire in all of the subsets
(<40% of the total reads in some cases). In line with their
similarity values (Fig. 5 B), LP and IE CD103* T cells showed
an analogous distribution of 10-top ranked clones in all five
donors (Fig. 5 D).

To summarize, these data show that LP and IE CD103* Trm
cells have a very similar TCR repertoire. In both cases, this
repertoire is biased toward a few expanded clones, and it is more
closely related to the LP CD103~ CD8 T cell subset lacking KLRG1
expression.

Activated SI CD8 T cell subsets produce different levels of
cytokines and cytotoxic mediators
CD8 T cells exert their effector functions through activation-
induced cytotoxicity involving targeted secretion of perforin
and granzyme-B and cytokine secretion. In the absence of
stimulation, significantly more CD103- CD8 T cells expressed
granzyme-B and perforin compared with LP and IE CD103*
T cells (Fig. 6 A). However, after activation with anti-CD3/CD28
beads, both CD103~ CD8 T cells and LP CD103* CD8 T cells
significantly increased their expression of granzyme-B and
perforin, although the level of perforin was still higher in the
CD103" CD8 T cell subset (Fig. 6 B). Within the CD103" popula-
tion, KLRG1* cells expressed higher levels of perforin after
stimulation compared with KLRG1~ cells (Fig. S5, A and B). In-
terestingly, induction of cytolytic molecules was hardly detect-
able in IE CD8 T cells, suggesting that TCR stimulation is not
sufficient to activate their cytolytic function (Fig. 6 B).

To investigate their cytokine production profiles, SI CD8
T cell subsets were subjected to short-term stimulation with
PMA and ionomycin, followed by intracellular flow-cytometric
cytokine detection. Most (88%) LP CD103* CD8 T cells produced
one or more of the cytokines tested, whereas 75% of the LP
CD103~ CD8 T cells and 45% of the IE CD8 T cells were positive
(Fig. 6, C and D). LP CD103* CD8 T cells had a significantly
higher proportion of dual IFN-y* IL-2* cells and triple-producing
(IFN-y* IL-2* TNF-a*) cells compared with the other subsets
(Fig. 6 C). Moreover, triple-producing CD8 T cells expressed
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Figure 4. Persisting clonotypes of CD103* CD8 Trm cells are detected in SI samples 1 yr after Tx. (A) Clonotype overlap analysis by single-cell TCR-seq
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(D) Clonotype overlap analysis of total TCRB clonotypes in the same samples as described in A. (E) Correlation of the TCRB clonotypes found at baseline (w0)
and 1 yr after Tx (w52). The samples are color-coded, and clonal size is represented by circle size. M-H, Morisita-Horn index.
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Figure 5. High clonal overlap between IE and LP CD103* CD8 T cells. (A and B) Mean percentage of clonal overlap (A) and Morisita-Horn similarity indexes
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significantly higher levels of the individual cytokines compared
with single cytokine-producing cells (Fig. 6, E and F). Within the
CD103- CD8 T cell population, we found that KLRG1- cells con-
tained significantly higher numbers of triple-producing cells
than their KLRG1* counterpart (Fig. S5 C).

Taken together, these data showed that CD8 Trm cells in LP
are more potent cytokine-producing cells than CD103~ CD8 T
cells. All LP CD8 T cell subsets efficiently produced cytotoxic
molecules after activation, whereas IE CD8 Trm cells produced
significantly fewer cytokines and cytotoxic molecules.

Bartolomé-Casado et al.
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Discussion
Here we show that the human SI contains several phenotypi-

cally, functionally, and clonally distinct CD8 T cell subsets.
Virtually all IE CD8 T cells and the majority of LP CD8 T cells
expressed a Trm phenotype and were persistent cells (>1 yr)
with a very similar immune repertoire. When activated, all
subsets contained cytokine-producing cells, with LP CD8 Trm
cells being particularly efficient. The two minor CD103~ CD8
T cell subsets were phenotypically more similar to PB CD8
T cells, presented an immune repertoire more different from the
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Figure 6. SICD8 T cell subsets produce different levels of cytokines and cytotoxic molecules in response to activation. (A and B) Representative flow-
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bars. (D) Relative representation of specific cytokine production profiles for LP CD103~ (n = 9), LP CD103* (n = 9), and IE CD103* (n = 4) CD8 T cells are
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Trm cells, and produced higher levels of granzyme-B and
perforin.

Experiments to accurately determine the longevity of lym-
phocytes are not readily performed in human tissues (Landsverk
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et al., 2017); however, by studying the replacement kinetics in a
Tx setting, we were able to determine the persistence of CD8
T cells in grafted human duodenum. By multiparameter flow-
cytometric analysis of CD8 T cells derived from normal
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(nontransplanted) SI, we found that LP CD8 T cells could be
divided into three distinct subsets depending on their expres-
sion of CD103 and KLRG1. Most of CD8 T cells displayed a Trm
phenotype (CD103* KLRG1-). We found that LP and IE CD103*
CD8 T cells expressed low levels of CD28, especially in the epi-
thelium. In contrast, LP and IE CD103* CD8 T cells expressed
high levels of natural killer cell receptors, such as 2B4 (SLAM4)
and CD16l, and high levels of CD127. High PD-1 expression has
been reported on CD8 Trm from human lung (Hombrink et al.,
2016; Kumar et al., 2017). However, we found that intestinal LP
and IE CD103* express low levels of PD-1, in line with previous
studies in mice (Casey et al., 2012). In contrast, the two minor
CD103- subsets in LP, either KLRGI~ or KLRGI1*, were more
similar to the CD8 T cells in PB, presenting higher levels of CD28,
PD1, and NKG2D and lower CD127 and CD16l expression. By
following the turnover kinetics of the subsets in transplanted
duodenum, we found in half of the patients that >60% of both IE
and LP CD103* CD8 T cells were of donor origin 1 yr after Tx,
with no reduction in absolute numbers of CD8 T cells. The
finding of persistent donor CD8 T cells was substantiated by
single-cell TCR-seq showing a significant clonal overlap between
donor LP CD103* CD8 T cells obtained before and 1 yr after Tx.
Donor CD103~ CD8 T cells, in contrast, were more rapidly re-
placed by recipient cells. However, interestingly, a small frac-
tion (15%) of the CD103" subsets were still of donor origin 1 yr
after Tx.

Zuber et al. (2016) reported that donor CD8 T cells were
present in some nonrejected intestinal transplants for >600 d.
These patients received intestinal Tx alone or as part of multi-
visceral Tx, which in both situations included gut-associated
lymphoid tissue (GALT, e.g., Peyer’s patches) and mesenteric
lymph nodes. Long-term mixed chimerism is observed in the
blood of these patients (Fu et al., 2019), suggesting that orga-
nized lymphatic tissue in the graft continuously expand and
release donor T cells that home to the intestinal mucosa. In our
study, however, only the proximal part of the duodenum was
transplanted, without GALT or lymph nodes, excluding the
possibility of continuous replenishment of donor cells after Tx.

Our findings show that CD8 T clones have the capacity to
survive for =1 yr and most probably many years in the human
intestinal mucosa, thus demonstrating the existence of bona fide
Trm cells in the human SI. In the steady state, Trm cells can be
generated from circulating memory precursors (Gaide et al.,
2015) or proliferate locally in response to cognate antigens
(Beura et al., 2018a). The proliferation rate, as measured by Ki67
staining, was consistently low in the transplanted and non-
transplanted SI. This is in agreement with previous reports
(Thome et al., 2014), suggesting that the persistence of CD8
T cells was maintained by long-lived cells rather than local
proliferation. The finding that there was no massive expansion
of selected clones 1 yr after Tx compared with the situation at
baseline and with the native duodenum supports this scenario.
Most of the persistent CD8 T cells expressed the classical Trm
marker CD103 (aE integrin), which binds E-cadherin on the
surface of epithelial cells (Schon et al., 1999). However, a small
population of CD103~ CD8 T cells was also maintained for 1 yr in
the transplanted duodenum, suggesting that CD103 is not an
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obligate marker for all Trm cells, as has been also reported for
intestinal CD8 T cells in mice (Bergsbaken and Bevan, 2015).

Translated to the steady state situation, it is likely that the
turnover rate of CD8 T cells observed in transplanted SI un-
derestimates their physiological longevity for several reasons.
First, all patients received immunosuppressive treatment in-
cluding anti-thymoglobulin, which rapidly depletes T cells in
blood (Horneland et al., 2015). It is likely that this treatment also
affects the T cell numbers in the periphery. Second, solid organ
Tx surgery causes ischemia and reperfusion injury of the graft
that increases the turnover of leukocytes (Eguiluz-Gracia et al.,
2016); and third, our previous studies have shown that dendritic
cells and some of the macrophage subsets are rapidly replaced in
the transplanted duodenum (Bujko et al., 2018; Richter et al.,
2018), thereby increasing the risk of local alloreactivity. As
shown in other Tx settings (lung [Snyder et al., 2019], intestine
[Zuber et al., 2016], and kidney [de Leur et al., 2019]), the
turnover rate of resident T cells increases with graft rejection.
Although patients with histological signs of rejection were ex-
cluded from the study, all included patients displayed T cell
recipient chimerism in the graft, in which episodes of low-grade
rejection cannot be excluded. Altogether, our results, derived
from both transplanted and normal SI combined, strongly sug-
gest that virtually all IE CD8 T cells and the majority of LP CD8
T cells under homeostatic conditions are long-lived Trm cells
with low proliferative activity (<5% Ki67* cells).

Most studies of SICD8 T cells in humans have focused on the
IE compartment, and there is less knowledge about the CD8
T cell population in LP. Here we show that IE and LP CD103* CD8
T cells present a very similar immune repertoire, indicating a
common origin. When stimulated with PMA/ionomycin, ~40%
of IE CD8 T cells produced cytokines (IFN-y, IL-2, or TNF-a),
whereas nearly all LP CD8 Trm cells were cytokine producing,
and more than a third of these cells produced IFN-y, IL-2, and
TNF-a simultaneously (polyfunctional). This enhanced ability of
Trm to produce robust responses mediated by polyfunctional
cytokine production have been associated with the role of Trm
as sentinel cells in different barrier tissues, such as skin
(Watanabe et al., 2015). When activated with anti-CD3/CD28
beads, LP CD8 Trm cells produced high amounts of granzyme-B
and significant levels of perforin, whereas IE CD8 T cells ex-
pressed less of these cytotoxic mediators. This finding may to
some extent be explained by the fact that IE CD8 T cells ex-
pressed high levels of immunomodulatory markers (CD244 and
CD16L, Fig. 2 A) and CD101 (Russell et al., 1996), which may in-
hibit T cell activation and proliferation. Although IE CD8 T cells
were less responsive to the stimuli we used in this study, their
TCR repertoire was similar to LP CD103* CD8 T cells, indicating
that they had been activated under similar antigenic conditions.
Moreover, in the transplanted intestine, we found that the
turnover kinetics of IE and LP CD103* CD8 T cells were strongly
correlated (Fig. S3 C), together suggesting that IE and LP CD8
Trm cells were interrelated populations rather than operating
independently in different compartments. Recent reports have
shown that murine intestinal T cells are very motile and can
move back and forth between the LP and the epithelium
(Thompson et al., 2019). In addition, epithelial cells are in
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continuous communication with IE CD8 T cells, and it is there-
fore plausible that epithelial cell signaling under steady state
conditions might increase the threshold of TCR-mediated re-
sponse as a mechanism to maintain the integrity of the epithelial
barrier (Jabri and Ebert, 2007).

Approximately 20% of SI CD8 T cells in LP did not express
CD103 under steady state conditions. They were phenotypi-
cally more similar to PB CD8 T cells than CD8 Trm cells, and
the immune repertoire of CD103~ CD8 T cells showed low
clonal overlap with their Trm counterparts. In transplanted
intestine, incoming recipient CD8 T cells were mainly CD103"
at 3 and 6 wk after Tx, which is compatible with the notion
that CD103~ CD8 T cells in the steady state are mostly recently
recruited cells. However, 1 yr after Tx, most recipient CD8
T cells presented a Trm phenotype, indicating that CD103~
CD8 T cells differentiated into CD8 Trm cells in situ. Com-
paring the TCR repertoire, CD103~ KLRG1~ CD8 T cells were
more similar to CD8 Trm cells than CD103~ KLRG1* cells,
which agrees with studies in mice showing that KLRG1~ CD8
T cells are Trm precursors (Mackay et al., 2013; Sheridan et al.,
2014). The KLRG1™ subset was also more similar to Trm cells with
regard to production of cytokines and cytotoxic molecules.
Notwithstanding these findings, it has been shown that TGF-f,
abundantly present in the intestinal microenvironment, induces
down-regulation of KLRG1 (Schwartzkopff et al., 2015). Thus, it
is possible that also KLRG1* T cells can differentiate into Trm
cells (Herndler-Brandstetter et al., 2018).

Interestingly, the immune repertoire in both CD103* and
CD103- subsets was polarized toward few dominating expanded
clones. Assuming that CD103~ CD8 T cells were recently re-
cruited from the circulation, this finding suggests that the clonal
expansion had occurred before disseminating into the tissue,
most likely in GALT and mesenteric lymph nodes. In agreement
with this concept, biopsies obtained from different sites (several
centimeters apart) and at different time points in transplanted
patients showed expansion of many of the same clones, sug-
gesting that T cell clones were evenly distributed along the du-
odenal mucosa and less dependent on local proliferation. Thus,
the maintenance of a polarized immune repertoire (likely spe-
cific to recurrent pathogens), conserved both longitudinally in
the tissue and over time, represents an optimized strategy of
protection.

There is increasing evidence that Trm cells play an important
role in mediating protective responses and maintaining long-
term immunity against a broad variety of infectious diseases
(Muruganandah et al., 2018). These studies are mainly per-
formed in mouse models, and studies investigating the existence
and function of Trm cells in human tissue are still few. Here we
provide evidence that the majority of ST CD8 T cells in the steady
state are long-lived cells with very highly potent protective ca-
pabilities. These data indicate that Trm cells in the intestinal
mucosa are attractive targets to design effective oral vaccines.
Further, the knowledge that long-lived T cells exist in the gut
should give incentive for the implementation of new therapeutic
strategies in diseases where pathogenic T cells play an important
role, such as inflammatory bowel disease, celiac disease, and gut
graft-versus-host disease.
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Materials and methods
Human biological material

SI samples were obtained either during pancreatic cancer surgery
(Whipple procedure, n = 35; mean age 63 yr, range 40-81; 16 fe-
male) or from donors or patients during pancreas-duodenum Tx
(donors, n = 52; mean age 31 yr, range 5-55; 24 female; patients,
n = 36; mean age 41 yr, range 25-60; 14 female) as described
previously (Landsverk et al., 2017; Richter et al., 2018). Cancer
patients receiving neoadjuvant chemotherapy were excluded from
the study. Endoscopic biopsies from donor and patient duodenum
were obtained 3, 6, and 52 wk after Tx. All transplanted patients
received a standard immunosuppressive regimen (Horneland
et al,, 2015). All tissue specimens were evaluated blindly by ex-
perienced pathologists, and only material with normal histology
was included (Ruiz et al., 2010). Transplanted patients showing
clinical or histological signs of rejection or other complications, as
well as patients presenting pretransplant or de novo donor-
specific antibodies, were excluded from the study. Blood sam-
ples were collected at the time of surgery, and buffy coats from
healthy donors (Oslo University Hospital, Oslo, Norway).

Intestinal resections were opened longitudinally and rinsed
with PBS, and mucosa was dissected in strips off the submucosa.
For microscopy, small mucosal pieces were fixed in 4% formalin
and embedded in paraffin according to standard protocols. In-
testinal mucosa was washed three times in PBS containing 2 mM
EDTA and 1% FCS at 37°C with shaking for 20 min and filtered
through nylon 100-um mesh to remove epithelial cells. Epithelial
fractions in each washing step were pooled and filtered through
100-pm cell strainers (Falcon; BD). After three sequential washes
with EDTA buffer, the epithelial layer was completely removed
from the tissue, and the basal membrane remained intact as
shown in Fig. S1 A. Epithelial cells in the EDTA fraction were
depleted by incubation with anti-human epithelial antigen an-
tibody (clone Ber-EP4; Dako) followed by anti-mouse IgG Dyna-
beads (Thermo Fisher Scientific) according to the manufacturer’s
protocol. A death cell removal kit (Miltenyi) was applied to the
depleted IE cells before cell sorting and functional assays. LP was
minced and digested in complete RPMI medium (supplemented
with 10% FCS and 1% penicillin/streptomycin) containing
0.25 mg/ml Liberase TL and 20 U/ml DNase I (both from Roche),
with stirring at 37°C for 1 h. Digested tissue was filtered twice
through 100-pm cell strainers and washed three times in PBS.
The purity of both IE and LP fractions was checked by flow cy-
tometry. We found <5% BerEP4* epithelial cells in LP and no
expression of B cell/plasma cell markers (CD19 or CD27) in the IE
(Fig. S1 B), confirming that the degree of cross-contamination
between these fractions was very low. Intestinal biopsies from
transplanted patients were processed according to the same
protocol. PBMCs were isolated by Ficoll-based density gradient
centrifugation (Lymphoprep; Axis-Shield). All participants gave
their written informed consent. The study was approved by the
Regional Committee for Medical Research Ethics in Southeast
Norway and complies with the Declaration of Helsinki.

Microscopy
Analysis of chimerism was performed as described previously
(Landsverk et al., 2017). Briefly, formalin-fixed 4-pum sections
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were washed sequentially in xylene, ethanol, and PBS. Heat-
induced epitope retrieval was performed by boiling sections
for 20 min in Dako buffer. Sections were incubated with CEP X
SpectrumOrange/Y SpectrumGreen DNA Probes (Abbott Mo-
lecular) for 12 h at 37°C before immunostaining according to
standard protocol with anti-CD3 (Polyclonal; Dako), anti-CD8
(clone 4Bl11; Novocastra) and secondary antibodies targeting
rabbit IgG or mouse IgG2b conjugated to Alexa Fluor 647 and
555, respectively. Laser scanning confocal microscopy was per-
formed on an Olympus FV1000 (BX61WI) system. Image z stacks
were acquired at 1-pum intervals and combined using the Z
project maximum-intensity function in ImageJ (National In-
stitutes of Health). All microscopy images were assembled in
Photoshop and Illustrator CC (Adobe).

CD8 immunoenzymatic staining was performed on formalin-
fixed 4-um sections, dewaxed in xylene and rehydrated in eth-
anol, and prepared with Vulcan Fast red kit (Biocare Medical)
following standard protocols. In brief, heat-induced antigen re-
trieval was performed in Tris/EDTA pH 9 buffer, followed by
staining with primary antibody (CD8 clone 4B11; Novocastra)
and secondary anti-mouse AP-conjugated antibody and incu-
bation with substrate (Fast Red Chromogen; Biocare Medical).
Slides were counterstained with hematoxylin, and excess dye
was removed by bluing in ammonia water. Tissue sections were
scanned using Pannoramic Midi slide scanner (3DHISTECH),
and counts were generated with QuPath software (Bankhead
et al., 2017).

Flow cytometry and cell sorting

Immunophenotyping was performed on single-cell suspensions
of LP and IE fractions and PBMCs using different multicolor
combinations of directly conjugated monoclonal antibodies (Table
S1). To assess the expression of L-selectin on digested tissue, cells
were rested for 12 h at 37°C before immunostaining. Replacement
of donor cells in duodenal biopsies of HLA-mismatched trans-
planted patients was assessed using different HLA type I allotype-
specific antibodies targeting donor- and/or recipient-derived
cells, and stroma cells were used as a control of specific stain-
ing. Dead cells were excluded based on propidium iodide staining
(Molecular Probes; Life Technologies).

For analysis of cytokine production, LP and IE cell suspensions
were stimulated for 4 h with control complete medium (RPMI
supplemented with 10% FCS and 1% penicillin/streptomycin) or
PMA (15 ng/ml) and ionomycin (1 ug/ml; both from Sigma-
Aldrich) in the presence of monensin (Golgi Stop; BD Biosciences)
added after 1 h of stimulation to allow intracellular accumulation
of cytokines. Cells were stained using the BD Cytofix/Cytoperm
kit (BD Biosciences) according to the manufacturer’s instructions
and stained with antibodies against TNFa, IFNy, or IL-2 (Table
S1). The mean percentage of live cells in the cytokine experi-
ments, determined by flow-cytometric analysis using a fixable
viability dye, was 77% for LP CD8 T cells (range 58.8-92.8%) and
70% for IE CD8 T cells (range 56.9-83.4%). For detection of cy-
totoxic granules, LP and IE cells were activated for 21 h with anti-
CD3/CD28 beads (Dynabeads; Thermo Fisher Scientific) or
control complete medium. For detection of intranuclear Ki67
expression, the FoxP3/transcription factor staining buffer set
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was used according to the manufacturer’s instructions.
eFluor-450 or eFluor-780 fixable viability dyes (eBioscience)
were used before any intracellular/intranuclear staining
procedure. All samples were acquired on LSR Fortessa flow
cytometer (BD Biosciences), using FACSDiva software (BD
Biosciences). Single-stained controls were prepared for com-
pensation (UltraComp eBeads; eBioscience), and gates were
adjusted by comparison with FMO controls or matched iso-
type controls.

Flow cytometry data were analyzed using FlowJjo 10.4.2
(TreeStar). For Fig. 1 C, the expression of 16 phenotypic markers
was analyzed at the single-cell level and compared for CD8
T cells in PB, LP, and IE (n = 5) using the merge and calculation
functions of Infinicyt software (Cytognos), as described in detail
elsewhere (Pedreira et al., 2013). The population within the CD8
T cell gate was downsampled for each compartment and ex-
ported to a new file, and then concatenated and subjected to
t-SNE analysis using the plugin integrated in FlowJo 10.4.2 (see
Fig. S2 A for more details). FACS sorting was performed on an
Aria II Cell Sorter (BD Biosciences). A TCRyS antibody was used
to exclude these cells during sorting (see gating strategy in Fig.
S4 A). All experiments were performed at the Flow Cytometry
Core Facility, Oslo University Hospital.

J

Single-cell TCRa-B sequencing

Cell suspensions from two donors (Ptx#1 and Ptx#2) were pre-
pared at the time of Tx and kept frozen in liquid nitrogen. 1 yr
after Tx, biopsies from the same patients (donor and recipient
tissue) were collected, and single-cell suspensions were pre-
pared and processed together with the thawed baseline samples
from the same patients. Donor CD103* KLRG1™ CD8 T cells from
LP of transplanted tissue were identified following the gating
strategy in Fig. S4 A, and single cells were sorted into 96-well
plates (Bio-Rad) containing 5 ul capture buffer (20 mM Tris-HC,
pH 8, 1% NP-40, and 1 U/pl RNase inhibitor). The plates were
spun down and snap frozen immediately after sorting and stored
at -80°C until ¢cDNA synthesis. Paired TCRa and TCRp se-
quences were obtained after three nested PCRs with multiplexed
primers covering all TCRa and TCR V genes, as described be-
fore (Risnes et al., 2018). In brief, cDNA plates were stored
at -20°C, and each of the three nested PCR steps was performed
in a total volume of 10 pl using 1 pl cDNA/PCR template and
KAPA HiFi HotStart ReadyMix (Kapa Biosystems). In the last
PCR reaction, TRAC and TRBC barcoding primers were added
together with Illumina PairedEnd primers. Cycling conditions,
concentrations, and primer sequences for all three PCR reactions
can be found in Risnes et al. (2018) and the original protocol in
Han et al. (2014). Products in each well were combined, purified,
and sequenced using the Illumina paired-end 250-bp MiSeq
platform at the Norwegian Sequencing Centre, Oslo University
Hospital. The resulting paired-end sequencing reads were pro-
cessed in a multistep pipeline using selected steps of the pRESTO
toolkit (Vander Heiden et al., 2014) according to Risnes et al.
(2018). In short, high-purity reads (average Phred score >30)
were deconvoluted using barcode identifiers and collapsed, and
only the top three for each well were retained for further
analysis. For identification of V, D, and ] genes and the CDR3
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junctions, the International ImMunoGeneTics Information Sys-
tem (IMGT)/HighV-QUEST online tool (Alamyar et al., 2012)
was used. The results were then filtered and collapsed. Paired
TCR sequences were grouped in clonotypes, defined by identical
V and ] gene (subgroup level) together with identical CDR3
nucleotide sequence for both TCRa and TCRB when that infor-
mation was available (Brown et al., 2019). Only valid singleton
cells containing no more than three chains (dual TCRa and
TCRB) with 2100 reads were considered for downstream
analysis.

Bulk TCR-seq

5,000 cells of each subset of CD8 T cells (CD103~ KLRG1*, CD103"
KLRGI-, and CD103* from LP and CD103* IELs) were sorted into
tubes containing 100 pl of TCL lysis buffer (Qiagen) supple-
mented with 1% B-mercaptoethanol and stored at -80°C until
cDNA synthesis (see Fig. S4 B). Total RNA was extracted using
RNAclean XP beads (Agencourt) following the manufacturer’s
protocol. A modified SMART (switching mechanism at 5" end of
RNA template) protocol (Quigley et al., 2011) was used in first-
strand cDNA synthesis, described in detail elsewhere (Risnes
et al,, 2018). In brief, TCRa and TCRp genes were amplified in
two rounds of seminested PCRs. In the first reaction, the cDNA
from each sample was divided into three replicates and ampli-
fied with TRAC and TRBC primers, and in the second reaction,
different indexed primers were used to barcode the samples and
replicates. A third, final reaction was performed using Illumina
Seq Primers R1/R2 for sequencing. TCRa and TCRf3 PCR products
were quantified using the KAPA library quantification kit for
Ilumina platforms (Kapa Biosystems) and pooled at the same
concentrations. Subsequently, pooled TCRa and TCRf products
were cleaned and concentrated with MinElute PCR Purification
Kit (Qiagen) and run on a 1.5% agarose gel. Bands of appropriate
size (~650 bp) were gel-extracted (Fig. S4 C), purified using the
Monarch Gel Extraction kit (New England Biolabs), and cleaned
with MinElute PCR Purification Kit. The amplicon TCR library
was sequenced using the paired-end 300-bp Illumina MiSeg; the
approximate number of paired-end reads generated per CD8
T cell population was 35,000 reads for TCRa and 45,000 reads
for TCRP sequences. The total number of reads was 60 million
(~20 million reads per library). Bulk TCR-seq data were pre-
processed (VD] alignment and clonotyping) using the MiXCR
software package (Bolotin et al., 2015). Clonotypes were defined
based on the V and ] gene usage and the nucleotide sequence of
the CDR3 region (Greiff et al., 2015b). Correlation of the read
counts for the clonotypes found within the three molecular
replicates was high (Fig. S4 D), indicating reproducibility of the
TCR repertoire sequencing (Greiff et al., 2014). For downstream
analysis, raw reads from molecular triplicates were cumulated,
and only clonotypes with a minimal read count of 10 were used.
Sample preparation and read statistics are summarized in Fig. S4
(B-E). tcR package was used for descriptive statistics (Nazarov
et al., 2015). The percentage of overlapping clones shared be-
tween two CD8 T cell subsets was calculated as

[XNY|

lap(X,Y) = XL YD
overlap(X, ) mean(|X|, |Y])

x 100,
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where |X| and |Y]| are the clonal sizes (number of unique clones)
of repertoires X and Y.

Statistical analysis

Statistical analyses were performed in Prism 7 (GraphPad
Software). To assess statistical significance among SI CD8 T cell
subsets, data were analyzed by one-way ANOVA (standard or
repeated measures) followed by Tukey’s multiple comparison
tests. Replacement data and distribution of CD8 T cell subsets at
different time points were analyzed by two-way ANOVA
matching across subsets, followed by Tukey’s multiple com-
parison tests. Correlations between replacement kinetics of
different CD8 T cell subsets were calculated using Pearson
correlation with two-tailed P value (95% confidence interval). P
values of <0.05 were considered significant. TCR repertoire
analysis was performed using the R statistical programming
environment (R Development Core Team, 2018). Non-base R
packages used for analyses were tcR (Nazarov et al., 2015),
upsetR (Lex et al., 2014), ggplot2 (Wickham, 2009), and Ven-
nDiagram (Chen, 2018). The Morisita-Horn index was calcu-
lated using the R divo package (Sadee et al., 2017). Vegan
package (Oksanen et al., 2018) was used to calculate the di-
versity (Shannon evenness index) as previously described
(Greiff et al., 2015a).

Data and materials availability

Bulk and single-cell TCR raw sequences were deposited under
a controlled data access at the European Genome-phenome
Archive (https://www.ebi.ac.uk/ega/), with the accession
no. EGAS00001003676 (datasets EGAD0O0001005049 and
EGAD00001005050, respectively).

Online supplemental material

Fig. S1 shows some general considerations regarding sample
preparation and characterization of intestinal CD8 T cells. Fig. S2
depicts extended features of the immunophenotypic analysis
applied to PB, LP, and IE CD8 T cells. Fig. S3 summarizes addi-
tional data concerning the replacement kinetics of intestinal CD8
T cells in transplanted duodenum. Fig. S4 provides information
about the TCR immune repertoire analysis: Gating strategy for
sorting, bulk TCR-seq workflow, and read statistics. Fig. S5
shows functional characterization of LP KLRGI* and KLRG1~
CD103- CD8 T cell subsets. Table S1lists all the antibodies used in
the study.
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Figure S1. General considerations regarding sample preparation and characterization of intestinal CD8 T cells. (A) Confirmation of the absence of
cross-contamination between LP and IE tissue fractions. Representative H&E staining of tissue sections obtained before and after three sequential
washing steps with EDTA buffer (PBS containing 2 mM EDTA and 1% FCS) at 37°C with vigorous shaking. Scale bars represent 200 and 50 um, re-
spectively. (B) Representative flow cytometric plot showing the percentage of epithelial cells (BerEP4* cells) and B cells within each fraction (n = 5;
median = 1.25%; range = 0.15-4.72%). (C) Percentage of T cell subsets (CD4 and CD8) in PB, LP, and IE measured by flow cytometry. Red line indicates
mean value. Statistics performed using two-way ANOVA, repeated measures matching both factors, and Tukey’s multiple comparison test.
(D and E) TCRyS (D) and CD8B (E) expression on LP and IE CD8 T cells analyzed by flow cytometry. Red line indicates median value. Unpaired t test. ns,
not significant; **, P < 0.01; ****, P < 0.0001.

Bartolomé-Casado et al. Journal of Experimental Medicine
Persisting human intestinal CD8 Trm cells https://doi.org/10.1084/jem.20190414

S1



A 11 colors - 3 compartments (PB+ LP+ |E) FACS analysis
eF450 BV605 BVE50 [ CY ]
Tube1 CD4 PD-1 CD3 | CD103 cDs8 CD69 CD45 Live/Dead
Tube2 | CcD4 CD127 CD3 | CD103 CD8 |KLRG1 CD45-RA | CD28 CD45 Live/Dead
Tube3 | cD4 CD161 CD3 | CD103 CD8 |KLRG1 CD45-RA | CD244 CD45 Live/Dead
Tubed CD4 NKG2D CD3 | CD103 CD8 |KLRG1 CD45-RA |CD45-RO CD45 Live/Dead
% o s L — Tu
] e} o x LP
2 3 = |2 3*% b @ — Tube 3
0 < =l 8 — Tubed4 [E
FSC-A Live-dead D45-
APCeFT780 AlexaF700 X3 = 12 tubes
2 2 3 2
i1 e il i P -
% %] %) 1o Sl
8 i | i L B = .
| 3 | 3 =1 < ey
©coe © o8- ©CoE- O Cos- Bl
PerCPeys.5  PerCPey5.5  PerCPey5.5  PerCPey5.5 8
N
0 (%]
w0 r ¥ Y o
I:Ietrgfecl:l E 1 _ Identification of z | LP
SSRGS Q gs@g nearest-neighbor a
S| =S events (Infinicyt) 2 <
2 o 2
O 3 “’
File1i Fihlaz IJiIeleiIM g i =
0 f 2 4 0 2 ¥ o CDB- PerCPcy5.5
g . | 8 g 2 <
o & @ o I g
. § B ; 5| o 4
8% |z 2 3 g 8
o a st 33 =] > ol
CD69-APC © cCD28-APC © Z CD45-RO-APC 2
o
O Filei File2 File3 Filed File1 File2 File3 Filed
File IE ; ) ]
" Concatenation _ ‘ * + ) ﬂ !‘
(Flowdo) Lp) D || R @ || D t-SNE analysis
= oM | @ | @0 @ ||
= - % ‘ CDE9-APC.1 CD28-APC.2 CD244-APC.3 CD45-RO-PC.4
g g el | (e | @ |||
‘g LP{ # % : ,m' 5 1 ul
°g cD8- CDs- PB — - “TSNEx
PerCPcy5.5 PerCPcy5.5 PDA- cbiz7- CD161- NKG2D-
< BV605.1 BV605.2 BV605.3 BV605.4
Q) g o
CD8- PerCPcy5.5 LP é &0 % 04 Llne
pa| O S |0 &)

B Lateral distribution:

o ® o
o o 8

ns

=
o

—
e

20

% of LP CD8+ cells

ns

0 9 T
KLRG1+ KLRG1- CD103+

CD103-

I EENRN:

~ CD103-FITC KLRG1-PE CCR7 - PE-CF594 CD45RA - PE-Cy7

0cm
7cm
10 cm
14 cm
20 cm
35cm

Figure S2. Extended immunophenotypic analysis of LP and IE CD8 T cells. (A) Related to Fig. 1 C. Panel design, merging (as described in Pedreira et al,,
2008, and concatenation of flow cytometric files before applying t-SNE analysis (FlowJo plugin). (B) Lateral distribution of LP CD8 T cell subsets. The
lengthwise representation of the CD8 subsets in LP was determined by flow cytometric analysis of biopsies taken at intervals along resected duodenum-
proximal jejunum from individual subjects after Whipple procedure. n = 5; paired Student’s t test comparing O cm to the farthest distance. ns, not significant.

Bartolomé-Casado et al.

Persisting human intestinal CD8 Trm cells

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20190414

S2



A B Donor CD8 T cells in LP
| WO CD69 cD103 KLRG1
(at baseline)
| w52
(one year after
transplantation)
Transplanted
duodenum Patient PD1 cD127 CD28 CD161
Ty duodenum
Transplanted /L
pancreas |
C
. ] & i & 9Rz=0.2231: p = 0.0004 n
8 2, L S plslope =0.3528 £+ 0.0931  ®
a 8 8
(i w w B .'
o Lk R=02117 & g o ge 3 "
5 =0. 5 R?=0.8158 5 o
s g.g p=00006 2 p<00001 Q80 . fooglIglee oW
3 ®2 e
=100 slope =0.6899 £0.1882 =, © slope=1.012+0.0679 °jg 5 a w52
10 80 60 40 20 O 100 80 60 40 20 0 100 8 60 40 20 0
% Donor LP CD103+ % Donor LP CD103+ % Donor LP CD103-
D E eee_setaf_i_ve donor duodenum wo
Gated on CD8 T cells
100, ®» ®» ®» ®» ® ® @ ® g
@ § 80, O A &
83 15 2
&% wl Y 8 5 818 0.2547 |-
o2 o N T 8
am A §2 10 ; \
88 4] ; 58 ST Tl
o A ] oy 5 L L &5
i 5 20] A 8 g Bpe g % 5 -5:;‘?" 1;{, 1o Bt f.“_
s E R i a | ‘i ﬁ a ﬂ&' ub 3o Representative dr_ uodenum w52
= w3 wb wh2
e LP CD103- Time after transplantation E1500
e LPCD103+ © Native duodenum (weeks) =1250{ p=0.2560
® [ECD103+ 4 Donor duodenum ;1222‘
& 500
F Gated on CD8 T cells, representative patient w52 2 25% g
LP CD103- LP CD103+ IE CD103+ wi W52 o
Time after 3855
Donor transplantation &
duodenum ,ﬁ- | @ D G
(Donor cells)
1.68% 4.37% 4.88% | Donor duodenum (3-6-52 weeks)  Native duodenum (3-6-52 weeks)
25 25 . ow3
Recipient = = .20 %20 :&'22
duodenum @;*- = q : 81s S 15
+ +
&
" 2.70% 3.90% 5.31% | £ 1° g1o i,
8 e RS B -
Ki-67 o ol ‘." °
R D R DR D R R R
CD103- CD103+ CD103+ CcD103- CD103+ CD103+
LP LP IE LP LP IE
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Figure S4. TCR-seq: Gating strategy for sorting, bulk TCR-seq workflow, and read statistics. (A) Gating strategy for flow cytometry analysis and single
cell sorting of CD8 T cells from duodenal biopsies. Representative sample of grafted duodenum from a transplanted patient 1 yr after Tx is shown. SSC-A, side
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intraepithelial lymphocytes; HTS, high-throughput sequencing. (C) Agarose gel shows representative library following the protocol explained in B. Expected
band size =700 bp. (D) Correlation plots showing the correlation of the common clonotypes between the three replicates’ representative samples. (E) Clone
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Table S1. List of antibodies used in the study

Target Clone Fluorophore Company Catalog no. Phenotype PTx Aria Ki67 Cytotoxicity Cytokines X/Y
Trm panel sorting nuclear FISH
CD3 OKT_3 BV650 BioLegend 317324 X X X
CcD3 OKT_3 APC-eF780 eBioscience  47-0037-42 X X
CD3 OKT_3 BV510 BioLegend 317332 X
CD3 OKT_3 APC BioLegend 317318 X
CD3 OKT_3 PerCP-Cy5.5  BioLegend 317336 X
CD3 Poly Unconjugated Dako A0452 X
CD4 OKT_4 eF450 eBioscience  48-0048-42 X X X X
CD4 OKT_4 PerCP-Cy5.5  BioLegend 317428 X
CD8 SK1 Alexa Fluor ~ BioLegend 344716 X X
488

CD8 SK1 APC-eF780 eBioscience  47-0087-42 X X X
CcD8 SK1 PerCP Cy5.5  BioLegend 344710 X X
CD8 SK1 PE BD 340046 X

Biosciences
CcD8 4B11 Unconjugated Novocastra ~ NCL-L-CD8-4B11 X
CD8b/NHP SIDIBBEE  eF660 eBioscience  50-5273-41 X X
CD28 CD28.2 BV605 BD Horizon 562976 X X
CD28 CD28.2 APC BioLegend 302912 X X
CD28 CD28.2 PE BioLegend 302908 X X
CD45 HI30 BV510 BioLegend 304036 X X X
CD45 HI30 Ax700 BioLegend 304024 X
CD45 2D1 APC-H7 BD 560178 X X X

Biosciences
CD45-RA HI100 APC-eF780 eBioscience  47-0458-42 X X
CD45-RA HI100 PE-Cy7 eBioscience  25-0458-42 X X
CD45-RO UCHL1 APC eBioscience  17-0457-42
CD103 B-Ly7 PE-Cy7 BioLegend 350212 X X X X X
CD103 Ber-ACT8  BV605 BioLegend 350218 X
CD103 Ber-ACT8  PE-Cy7 BioLegend 350212 X
CD103 B-Ly7 FITC eBioscience  11-1038-42 X
CD62-L SK11 FITC BD 347443 X
(L-Sel) Pharmingen
CD127 (IL7-R) Hil7r-m21  PE BD 561028 X X X

Pharmingen
CD127 (IL7-R) Hil7r-m21  BV605 BD Horizon = 562662 X X
CD161 HP-3G10 BV605 BioLegend 339915 X X
(KLRB1)
CD244 2B4 APC BioLegend 329511 X X
(SLAMF4)
CCR7 (CD197) GO043H7 PE BioLegend 353203 X
CCR7 (CD197) GO43H7 PE-dazzle594 BioLegend 353235 X
PD-1(CD279) EH12.1 BV605 BD Horizon 563245 X X
KLRG1 13F12F2 APC eBioscience  17-9488-42 X 3 X X X X
KLRG1 13F12F2 PE eBioscience  12-9488-42 X X X X
NKG2D 1011 PE BioLegend 320805 X X
Bartolomé-Casado et al. Journal of Experimental Medicine

Persisting human intestinal CD8 Trm cells https://doi.org/10.1084/jem.20190414

S6



(0] [0 ]
I

>

Table S1. List of antibodies used in the study (Continued)

Target Clone Fluorophore Company Catalog no. Phenotype PTx Aria Ki67 Cytotoxicity Cytokines X/Y
Trm panel sorting nuclear FISH
NKG2D 1011 BV605 BD 743559 X X
Biosciences
TCR-gd 5A6.E9 PE Molecular MHGDO04 X X X
Probes;
Invitrogen
TCR-gd 5A6.E9 FITC Molecular MHGDO1 X X
Probes;
Invitrogen
Anti-human  Ber-EP4 FITC Dako FO860 X
epithelial
antigen
HLA-A2 BB 7.2 PE Abcam ab79523 X
HLA-A3 GAP.A3 FITC eBioscience  11-5754-42 X
HLA-A3 GAP.A3 APC eBioscience  17-5754-42 X X
HLA-B7 BB7.1 PE Millipore MAB1288 X
HLA-B8 REA145  PE Miltenyi 130-118-960 X x
Biotech
Granzyme-B CLB-GB11  PE Sanquin M2289 X
(Dianova AS)
Perforin gG9 FITC BD 556577 X
Pharmingen
TNF-a MAb11 APC BioLegend 502912 X
IFNy 4S.B3 Ax488 BioLegend 502515 X
IL2 MQ1-17H12 PE BioLegend 500307 X
IL2 MQ1-17H12 Bv421 BioLegend 500327 X
MIP1B (CCL4) FL3423L  APC eBioscience  17-7540-41 X
Ki67 B56 Ax488 BD 558616 X
Pharmingen
Isotype MOPC-21  Ax488 BD 555909 X X
mouse IgGl Pharmingen
Isotype 27-35 FITC BD 556577 X
mouse 1gG2b Pharmingen
Isotype MOPC-31C PE BD 550617 X
mouse 1gG1 Pharmingen
Mouse 1gG2b  Poly Alexa Fluor  Molecular A-21147 X
555 Probes;
Invitrogen
Rabbit IgG Poly Alexa Fluor  Molecular A-31573 X
(H+L) 647 Probes;
Invitrogen

APC, allophycocyanin; Ax, Alexa Fluor; BV, brilliant violet; Cy7, cyanin7; eF, eFluor; FISH, fluorescence in situ hybridization; FITC, fluorescein isothiocyanate;
H7, hilite7; PerCP-Cy5.5, peridinin-chlorophyll-protein cyanin5.5; Poly, polyclonal.
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Abstract:

Studies in mice and humans have shown that CD8* T cell immunosurveillance in non-lymphoid
tissues is dominated by resident populations. Whether CD4* T cells use the same strategies to
survey peripheral tissues is less clear. Here, examining the turnover of CD4* T cells in
transplanted duodenum in humans, we demonstrate that the majority of CD4* T cells were
still donor-derived one year after transplantation. In contrast to memory CD4* T cells in
peripheral blood, intestinal CD4* Trm cells expressed CD69 and CD161, but only a minor
fraction expressed CD103. Functionally, intestinal CD4* Trm cells were very potent cytokine
producers; the vast majority being polyfunctional Tyl cells, whereas a minor fraction produced
IL-17. Interestingly, a fraction of intestinal CD4* T cells produced granzyme-B and perforin
after activation. Together, we show that the intestinal CD4* T-cell compartment is dominated
by resident populations that survive for more than 1 year. This finding is of high relevance for

the development of oral vaccines and therapies for diseases in the gut.

Introduction

Studies of mouse models of infection have shown that CD8* T cells remain in peripheral tissues
long after pathogen clearance (Masopust et al., 2001). These long-lived CD8* T cells have
limited potential to recirculate and have been termed resident memory T (Trm) cells
(Masopust and Soerens, 2019; Mueller and Mackay, 2016; Szabo et al., 2019). Moreover, CD8*
Trm cells show an extraordinary ability to mount rapid and potent in situ responses after
infectious re-exposure (Beura et al., 2018; Park et al., 2018; Schenkel et al., 2013). The
currently most established markers to identify CD8* Trwm cells in barrier tissues are CD69 and
CD103 (Bartolome-Casado et al.,, 2019; Mackay et al., 2013; Snyder et al.,, 2019) . CD69 is
rapidly upregulated after arrival into the tissue (Klonowski et al., 2004), and plays a key role
preventing tissue egress by antagonizing sphingosine 1-phosphate receptor (S1PR1) (Skon et
al., 2013). CD103 (also known as a integrin) is highly expressed on intraepithelial lymphocytes
(IELs) and the heterodimer agP7 binds E-cadherin on the surface of epithelial cells (Cepek et

al., 1994; Schon et al., 1999), promoting the accumulation of IELs in the epithelium.



Although CD4*T cells are more abundant than CD8* T cells in most peripheral tissues
(Sathaliyawala et al., 2013), studies to understand Trm cell biology have mainly focused on
CD8* T cells. Over the last decade, CD4* Trm cells have been identified in lungs (Hondowicz et
al.,, 2016; Teijaro et al., 2011), skin (Glennie et al., 2015; Watanabe et al., 2015) and the
reproductive tract (lijima and lwasaki, 2014). However, the CD4* Trm population seems to be
more heterogeneous and functionally plastic compared to CD8" Trm cells (Becattini et al.,
2015; Brucklacher-Waldert et al., 2014), and whether CD4* T cells in peripheral tissues are

truly resident, non-circulatory cells is still a matter of debate (Carbone and Gebhardt, 2019).

CD103 as well as CD69 are induced by TGF-B, which is constitutively produced by gut
epithelial cells (Zhang and Bevan, 2013). At human mucosal sites, most CD4* T cells express
CD69, but few express CD103 compared to CD8* Trm cells (Sathaliyawala et al., 2013), and
both CD103 and CD103* CD4* T subsets have been described in different tissues, such as lung
(Oja et al., 2018; Snyder et al., 2019) and skin (Watanabe et al., 2015). Intestinal CD4* Tgm cells
have shown to play a critical role in protection against different pathogens, including C.
rodentium (Bishu et al., 2019) and Listeria (Romagnoli et al., 2017) in mouse models. Although
our knowledge about the role of intestinal CD4* T-cell effector subsets in the pathogenesis of
inflammatory bowel disease (IBD) (Kleinschek et al., 2009; Lamb et al., 2017; Zundler et al.,
2019) and coeliac disease (Christophersen et al., 2019; Risnes et al., 2018) have substantially
progressed over the last decade, our current understanding of CD4* T-cell immunosurveillance

and long-term persistence in the human intestine remains incomplete.

We have recently reported that the majority of CD8* T cells persists for years in human
small intestine (Bartolome-Casado et al., 2019), however, it is still unknown whether CD4* T
cells share these features with their CD8* counterparts. Here, we present a comprehensive
study of the longevity and phenotype of intestinal CD4* T cells in humans. In a unique
transplantation setting we followed the persistence of donor-derived CD4* T cells in grafted
duodenum over time and found that the majority of donor CD4* T cells are maintained for at
least one year in the graft. Furthermore, both CD103" and CD103* CD4* T cell populations
presented very similar turnover rates, suggesting that both constitute Trm populations. Finally,
we showed that the vast majority of both CD103 and CD103* CD4* Trm cells were

polyfunctional Tul cells and a fraction produced cytotoxic granules after activation.



Results

Human intestinal CD4* T cells are phenotypically distinct from their circulating counterparts

To identify CD4* T cells with a Trm-phenotype in the human small intestine (SI) we first studied
the CD4* T-cell compartment under steady state conditions. For this purpose we collected SI
specimens from proximal duodenum-jejunum resections of patients undergoing pancreatic
cancer surgery (Whipple procedure, n = 35; mean age 63yr; 16 female), and from donors and
recipients during pancreatic-duodenal Tx (baseline samples, donors: n = 52; mean age 31yr;
24 female; patients: n = 36; mean age 41yr; 14 female). All tissue samples were evaluated by
experienced pathologists and only histologically normal SI was included. Single-cell
suspensions from epithelium and enzyme-digested lamina propria (LP) were obtained and
analyzed by flow cytometry together with peripheral blood mononuclear cells (PBMCs) from
the patients. To characterize the phenotypic profile of SI CD4* T cells, we performed flow-
cytometry analysis using a panel of antibodies that we recently implemented to study SI CD8*
Trm cells (Bartolome-Casado et al., 2019). CD4* T cells comprised almost 60% of LP T cells (with
a CD4*: CD8* ratio similar to PB), but constituted only 10% of T cells in the epithelium (Figure
S1A-B). The relative distribution of T cell subsets was conserved in mucosal biopsies sampled

up to 35 cm apart from the same intestinal resection (Figure S1C).

Applying a dimensionality reduction technique (UMAP, Uniform Manifold
Approximation and Projection) on the compiled flow cytometry data we found that all S| CD4*
T cells clustered separate from PB CD4* T cells (Figure 1A, left). The vast majority of the SI
CD4* T cells presented a CD45RA" CD45R0O* L-Sel” CCR7" effector memory (Tem) phenotype
(Figure 1A-C). In contrast, PB CD4* T cells contained a substantial fraction of naive (Ty,
CD45RO" CD45RA* CCR7* L-Sel*) and central memory (Tcm, CD45R0O* CD45RA™ CCR7* L-Sel*)
CD4"* T cells (Figure 1A-C). Virtually all SI CD4* T cells expressed the Trm marker CD69 whereas
all PB CD4* T cells were CD69-negative (Figure 1A, C). The SI CD4* T cells were separated into
three clusters based on their differential expression of CD103 and KLRG1 (Figure 1A). The
population expressing CD103 comprised on average 18% of the LP and 66% of IE CD4* T cells
(Figure 1C, left), whereas KLRG1 was expressed by 26% and 5% of LP and IE CD4* T cells,
respectively (Figure 1D). PB CD4* T cells were completely negative for CD103, however a

fraction (mean 19%) of PB CD4* Tem cells expressed KLRG1 (Figure 1A and D). PB CD4* Tem and



SI CD4* T cells showed similar expression of PD1, CD127 (IL-7 receptor- a) and NKG2D. In
contrast, CD28 was significantly higher expressed on PB CD4* Tem cells, whereas CD161 was
expressed at higher levels on SI CD4* T cells (Figure 1A and D). In addition, the
immunomodulatory receptor CD244 (2B4) was expressed higher on the IE subset. In line with
other reports (Kumar et al., 2017), we also found that the negative regulator CD101 was highly
expressed by the SI CD4* T cells (Figure 1S-D). Given that one of the SI CD4* T-cell clusters was
enriched in cells expressing the Trm marker CD103 (Figure 1A), we examined the differential
phenotypic profile of CD103* and CD103" CD4* T cells in LP and in the epithelium. CD103- CD4*
T cells presented a higher fraction of KLRG1 positive cells in both compartments, while IE
CD103* CD4* T cells exhibited significantly higher expression of 2B4. Otherwise we found only
small differences between the CD103* and CD103" subsets (representative histograms in

Figure 1E and compiled data in Figure S1E).

Taken together, these results show that SI CD4* T cells were clearly different from their
blood counterparts, being CD69* CD103*/- CD161* CD28"°". The phenotype of IE CD4* T cells
was very similar to |IE CD8* cells; the majority being CD103* KLRG1  2B4".

CD4* Trm cells persist for >1 yr in the transplanted S|

To directly examine the longevity of CD4* Tgm cells in human SI, we assessed the long-
term persistence of donor CD4* T cells in endoscopic biopsies obtained from grafted
duodenum at 3, 6 and 52 weeks after pancreatic-duodenal transplantation (Tx) of type |
diabetic patients (Horneland et al., 2015). Only patients without histological or clinical signs
of rejection were included (n=32). Most donors and recipients expressed different human
leukocyte antigen (HLA) type | molecules rendering it possible to distinguish donor cells from
incoming recipient cells in the graft by flow cytometry (Figure 2A-B). The CD103  and CD103*
CD4* T cells were analyzed separately. At 3 and 6 weeks, LP and |IE CD4* T cells exhibited very
low replacement (median >85% donor cells), with no significant differences between the
CD103  and CD103* CD4* T subsets (Figure 2B). Importantly, also 1-yr after Tx the majority of
SI CD4* T cells in both the LP and IE compartments were donor-derived, the fraction being
slightly higher for LP CD103* compared to CD103" CD4* T cells (medians 77% and 60%,
respectively). However, the majority of CD103" CD4* T cells were still of donor origin at 1 yr

post-Tx, demonstrating that CD103 expression is not required for the persistence of CD4* Trm



cells in human Sl. In line with this, the turnover of both IE and LP CD103* and CD103" cells was
highly correlated at 1 yr post-Tx (Figure 2C). Moreover, at 1 yr post-Tx the CD103  and CD103*
CD4* T-cell subsets contained a similar (or higher) proportion of donor cells compared to
donor CD8* T cell subsets (Figure 2D) (Bartolome-Casado et al., 2019). To confirm the
persistence of donor CD4* T cells we performed immunostaining with anti-CD3 and anti-CD4
antibodies combined with fluorescent in situ hybridization probes specific for X/Y-
chromosomes on tissue sections where recipients and donors were of different gender and

consistently observed donor-derived CD4* T cells in the graft 1-yr after Tx (Figure 2E).

These results showed that the majority of donor-derived SI CD4* T cells persisted at
least 1 yr (possibly years) in the tissue. However, to exclude effects of the surgical trauma,
immunosuppressive treatment and leukocyte chimerism on the SI CD4* T-cell population, we
examined the absolute T-cell counts in Sl over time. Serial tissue sections were stained for
CD3 and CD8, scanned and counted. The density of CD4* T cells was determined by subtracting
the number of CD8* cells from the total CD3* cell count. We found that the overall density of
both CD4* and CD8* T cells in Tx duodenum was stable throughout the 1-yr follow-up period
(Figure S2A-B). Intracellular staining of single cell suspensions from Tx biopsies with the
proliferation marker Ki67 showed few Ki67-positive cells among the donor CD4* T cells (Figure
S$2C-D). The percentage of Ki67* CD4* T cells was similar to that seen in the native duodenum
in Tx patients and in steady state controls (Figure S2D), indicating that proliferation did not
contribute substantially to the large number of persisting donor CD4* T cells in transplanted
SI. Finally, we confirmed that the CD4* T cells in the native (recipient) duodenum were
exclusively recipient-derived (Figure S3), demonstrating that migration of donor cells out of

the graft was not occurring.

In conclusion, these results show that the CD4* Trm cell population includes both
CD103  and CD103* cells, and that CD4* Trm cells are at least as persistent as CD103* CD8* Trwm

cells (Bartolome-Casado et al., 2019) in the transplanted SI.

Incoming recipient CD4* T cells undergo gradual phenotypic changes over time in
transplanted duodenum

Transplanted S| gives us a unique opportunity to study the differentiation of recruited

incoming CD4* T cells and whether they acquire a Trm phenotype in SI mucosa. To this end,
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we compared the expression of Trm associated markers on donor- and recipient- derived LP
CD4* T cells from biopsies of transplanted duodenum over time. Already at 3 wk post-Tx,
virtually all recipient LP CD4* T cells expressed CD69 (Figure 3A). More than half of recipient
CD4* T cells expressed CD161 at 6 weeks and that was further increased at 1-yr post Tx to
similar levels as donor CD4* T cells (Figure 3B). CD103 was expressed on a minor subset of
recipient-derived CD4* T cells at both 6 and 52 weeks; slightly lower than that on donor CD4*
T cells (Figure 3C, E). In contrast, the fraction of KLRG1-positive cells within donor and
recipient-derived CD4* T cells remained almost unchanged (Figure 3D-E). Similarly to the
steady state conditions (Figure 1A), the majority of the LP CD4* T cells were CD103" KLRG1" at
all the time points regardless of their origin (Figure 3E). Furthermore, the turnover of donor
LP CD103" KLRG1 and CD103  KLRG1* CD4* T cells were very similar, evidenced by the high

correlation of donor-derived cells within both subsets over time (Figure 3F).

Together, we find that recipient CD4* T cells recruited to the transplanted duodenum
rapidly acquire phenotypic features similar to persistent donor CD4* T cells (Figure 2),

suggesting that they gradually differentiate into Trwm in situ.

The majority of SI CD4* T cells exhibits a polyfunctional Ty1 profile

To examine the functional properties of SI CD4* T cells we studied their cytokine expression
profile and ability to produce cytotoxic granules. First, LP CD4* T cells isolated from
histologically normal Sl were short-term stimulated with PMA and lonomycin and intracellular
staining was perform with antibodies targeting specific cytokines (Table S1). By flow-
cytometric analysis we found that the majority of the LP CD4* T cells, both CD103 and CD103",
produced IFN-y, IL-2 and TNF-a (Figure 4A). Almost half of the cells produced all these three
cytokines simultaneously (Figure 4B-C), and we did not find significant differences between
CD103" KLRG1* and KLRG1" cells (Figure S4A). In contrast, triple-producing cells constituted
only 4% of the memory CD4* T cells in PB (Figure 4B-C). Comparing the LP CD103  and CD103*
subsets, we found significantly higher fraction of IL-17 and MIP1-B-producing cells within the
CD103* subset compared to CD103" CD4* T cell subset (Figure 4A). Furthermore, CD103* CD4*
T cells contained a higher fraction of IFN-y* IL-17* double producing cells (Figure 4D). In

contrast, CD103" CD4* T cells presented higher numbers of IL-13-producing cells than their



CD103* counterparts, whereas comparable expression of IL-10 and IL-22 was found in the two

subsets (Figure 4A).

Murine CD4* Trm cells have exhibited upregulation of granzyme-B upon
reactivation with their cognate antigen (Beura et al., 2019). We therefore analyzed the
capacity of SI CD4* T cells to produce granzyme-B or perforin at the steady state and after
stimulation with anti-CD3/CD28 beads. In the absence of stimulation, very few cells expressed
these cytolytic proteins, however, both LP CD103" and CD103* subsets increased their
expression of granzyme-B and perforin after activation (Figure 5). We found a significantly
higher proportion of granzyme-B producing cells within the LP CD103* subset as compared to
the CD103" CD4* T cell subset (Figure 5). On the other hand, no significant differences were
found in the activation-induced production of perforin between either subsets. (Figure 5).
Comparing the KLRG1* and KLRG1" cells in the LP CD103" compartment, we found higher basal
levels of granzyme-B among the KLRG1* cells (Figure S4B), but similar levels of granzyme-B

and perforin after stimulation (Figure S4B-C).

These data show that the majority of the SI CD4* Trwm cells are polyfunctional Tyl cells,
with a large fraction co-producing IFN-y, IL-2 and TNF-a. A fraction of CD4* Trw cells also

produces the cytotoxic proteins granzyme-B and perforin after stimulation.

Discussion

Over the last years it has been demonstrated that immunosurveillance by memory CD8* T cell
in barrier tissues is largely mediated by durable, resident cell populations. However, whether
memory CD4* T cells use similar surveillance strategies is less clear (Carbone and Gebhardt,
2019; Homann et al., 2001; Snyder et al., 2019; Watanabe et al., 2015). Here, we show that
the majority of CD4* T cells are persistent for at least for 1 yr in the human SI mucosa, where

they exhibit robust effector functions including polyfunctional Tyl responses.

There is conflicting evidence with regards to the long-term residency of memory CD4*
T cells in barrier tissues. Studies of CD4* Trm cells using parabiotic mice have suggested that
CD4* T-cell surveillance in the skin was dependent on continuous recirculation rather than
permanent residency (Collins et al., 2016; Gebhardt et al., 2011). However, evidence of CD4*
Trm cells persistence has been reported in other peripheral tissues, such as the reproductive
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mucosa and lung (lijima and Iwasaki, 2014; Teijaro et al., 2011). Similarly, Beura et al. recently
demonstrated that residency is the dominant mechanism of memory CD4* T-cell
immunosurveillance in non-lymphoid tissues, but they did not evaluate the longevity (Beura
et al., 2019). Moreover, in a recent study Klicznik and colleagues discovered a population of
skin CD103* CD69* CD4* T cells that were able to downregulate CD69 expression and enter
the circulation, indicating that some CD4* Trm cells may retain migratory potential (Klicznik et

al., 2019).

In mouse models of infection, the number of antigen-specific memory CD4* T cells in
lymphoid and non-lymphoid tissues seem to decline faster than CD8* T cells (Cauley et al.,
2002; Homann et al., 2001), suggesting that memory CD4* T cells are less durable. In line with
these results, donor CD4* T cells in lung transplanted patients were more rapidly lost than
CD8* T cells (Snyder et al., 2019). Here, we found that donor CD4* T cells were maintained in
duodenal grafts at equal or even higher numbers than CD103* CD8* T cells 1 yr after
transplantation, without any change in cell density. In fact, in several patients more than 80%
of the CD4* T cells were donor-derived at 1 yr. It is reasonable to assume that the host
response to an organ transplantation would increase, rather than decrease, the replacement
kinetics of immune cells in the graft (Eguiluz-Gracia et al., 2016; Snyder et al., 2019; Zuber et
al., 2016), together indicating that most CD4* T cells in human Sl are non-circulating, resident

cells that most likely perpetuate for years.

Similar to intestinal CD8" Trwm cells (Bartolome-Casado et al., 2019), we found that
virtually all the SI CD4* T cells expressed CD69 and CD161. However, unlike CD8* T cells, only
a minor fraction of LP CD4"* T cells expressed the o integrin, CD103. While CD103" CD8* T cells
very rapidly turned over in transplanted duodenum (Figure 2E and (Bartolome-Casado et al.,
2019)), both CD103 and CD103* CD4* T cells showed a similar persistence. These results show
that retention of CD4* T cells is independent of CD103, in line with previous reports

(Romagnoli et al., 2017).

Like murine CD4* Trwm cells (lijima and Iwasaki, 2014; Romagnoli et al., 2017), the vast
majority of LP CD4* Trm cells exhibited a polyfunctional Tyl profile, producing high amounts
of IFN-y, IL-2 and TNF-a . The fraction of polyfunctional Tyl cells among SI CD4* T cells was
much higher than among memory CD4* T cells in blood. Furthermore, >40% of the CD4* Trm
cells expressed granzyme-B after stimulation. These results show that SI CD4* Tru cells, like

9



CD8* Trm cells, undergo tissue-specific changes that make them poised to provide robust Ty1
immunity in response to reinfections (Beura et al., 2019; Pope et al., 2001). In addition to
protection against pathogens (Romagnoli et al., 2017), long-lived CD4* T cell responses to
commensal bacteria have been found during acute gastrointestinal infection with T. gondii
(Hand et al., 2012). Moreover, microbiota-specific CD4* T cells have been identified in blood
and intestinal biopsies from healthy humans (Hegazy et al., 2017), indicating that CD4* Trm
cells may actively contribute to intestinal homeostasis through interactions with the

microbiota.

We found that a fraction of CD4* Trum cells produced IL-17. Tu17 cells play an important
role in intestinal inflammatory disorders (Kleinschek et al., 2009; Ouyang et al., 2008; Yang et
al., 2014; Zundler et al., 2019), however IL-17 is also critical for maintaining mucosal barrier
integrity (Martinez-Lopez et al., 2019; Ouyang et al., 2008). Recently it was reported that, in
contrast to inflammatory Tu17 cells elicited by pathogens, gut commensal bacteria elicited
tissue-resident homeostatic Tul7 cells, which showed limited capacity to produce
inflammatory cytokines (Omenetti et al., 2019). In our study only a very small percentage of
Tul7 cells co-produced the inflammatory cytokine IFN-y, suggesting that the majority of SI
Twl7 cells during homeostasis are non-inflammatory cells that support barrier integrity.
However, further studies are needed to understand the role of SI T417 cells under homeostatic

and inflammatory conditions.

Finally, we found, although marginally, that CD103* Trm cells contained higher fractions
of IL-17 single- and IL-17/IFN-y double-producing cells than their CD103" counterparts.
Moreover, CD103" and CD103+ CD4* T cells also showed subtle phenotypic differences
regarding their expression of KLRG1, CD28 and 2B4. However, to what extent the CD103* and

CD103 subsets represents distinct functional subsets needs further investigation.

In conclusion, we provide evidence that the majority of memory CD4* T cells in the
human Sl are resident and may persist in the tissue for >1 year. This indicates that residency
constitute the dominant mechanism for CD4*memory T cellimmunosurveillance in the human
SI, and should be explored for the development of oral vaccines as well as for strategies to

treat CD4* T-cell mediated inflammatory intestinal diseases.
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Materials and Methods

Patient samples.

Small intestinal samples were either obtained during pancreatic cancer surgery (Whipple
procedure, n = 35; mean age 63yr; range 40-81yr; 16 female), or from donors and/or patients
during pancreas-duodenum transplantation (donors: n = 52; mean age 31yr; range 5-55yr; 24
female; patients: n = 36; mean age 41yr; range 25-60yr; 14 female) as described previously
(Bartolome-Casado et al., 2019). Cancer patients receiving neoadjuvant chemotherapy were
excluded from the study. Endoscopic biopsies from donor and patient duodenum were
collected at 3, 6 and 52 weeks after transplantation. All tissue specimens were evaluated
blindly by experienced pathologists, and only material with normal histology was included
(Ruiz et al., 2010). All transplanted patients received a standard immunosuppressive regimen
(Horneland et al., 2015), and patients showing clinical or histological signs of rejection or other
complications, as well as patients presenting pre-transplant or de novo donor specific
antibodies (DSA) were excluded from the study. Blood samples were collected at the time of
the surgery and buffy coats from healthy donors (Oslo University Hospital). All participants
gave their written informed consent. The study was approved by the Regional Committee for

Medical Research Ethics in Southeast Norway and complies with the Declaration of Helsinki.

Preparation of intestinal and peripheral blood single-cell suspensions

Intestinal resections were opened longitudinally and rinsed with PBS, and mucosa was
dissected in strips off the submucosa. For microscopy, small mucosal pieces were fixed in 4%
formalin and embedded in paraffin according to standard protocols. Intestinal mucosa was
washed 3 times in PBS containing 2mM EDTA and 1% FCS at 37°C with shaking for 20 minutes
and filtered through nylon 100-um mesh to remove epithelial cells. Epithelial fractions in each
washing step were pooled and filtered through 100-um cell strainers (BD, Falcon). Epithelial
cells in the EDTA fraction were depleted by incubation with anti-human epithelial antigen
antibody (clone Ber-EP4, Dako) followed by anti-mouse IgG dynabeads (ThermoFisher)
according to the manufacture’s protocol. De-epithelialized LP was minced and digested in
complete RPMI medium (supplemented with 1% Pen/Strep) containing 0.25 mg/mL Liberase
TLand 20 U/mL DNase | (both from Roche), stirring at 37°C for 1h. Digested tissue was filtered

twice through 100-um cell strainers and washed tree times in PBS. Purity of both IE and LP
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fractions was checked by flow-cytometry (Bartolome-Casado et al., 2019). Intestinal biopsies
from transplanted patients were processed in the same way. PBMCs were isolated by Ficoll-

based density gradient centrifugation (Lymphoprep™, Axis-Shield).

Flow cytometry

Single cell suspensions of intestinal LP and IE fractions and PBMCs were stained using different
multicolor combinations of directly conjugated monoclonal antibodies (Table S1). To assess
the expression of L-Selectin on digested tissue, cells were rested for 12h at 37°C before the
immunostaining. Replacement of donor cells in duodenal biopsies of HLA mismatched
transplanted patients was assessed using different HLA type | allotype-specific antibodies
targeting donor- and/or recipient-derived cells, and stroma cells were used as a control of
specific staining. Dead cells were excluded based on propidium iodide staining (Molecular
Probes, Life Technologies). For analysis of cytokine production, LP and IE cell suspensions were
stimulated for 4h with control complete medium (RPMI supplemented with 10% FCS, 1%
Pen/Strep) or phorbol-12-myristate-13-acetate PMA (1.5 ng/mL) and ionomycin (1ug/mL;
both from Sigma-Aldrich) in the presence of monensin (Golgi Stop, BD Biosciences) added
after 1h of stimulation to allow intracellular accumulation of cytokines. Cells were stained
using the BD Cytofix/Cytoperm kit (BD Biosciences) according to the manufacturer’s
instructions, and stained with antibodies against several cytokines (Table S1). For detection of
cytotoxic granules, LP and IE cells were activated for 21h with anti-CD3/CD28 beads
(Dynabeads, ThermoFisher) or control complete medium. For detection of intranuclear Ki67
expression the FoxP3/transcription factor staining buffer set was used according to the
manufacturer’s instructions. eFluor-450 or eFluor-780 fixable viability dyes (eBioscience) were
used prior any intracellular/intranuclear staining procedure. All samples were acquired on LSR
Fortessa flow cytometer (BD Biosciences), using FACSDiva software (BD Biosciences). Single
stained controls were prepared for compensation (UltraComp eBeads™, eBioscience), and
gates were adjusted by comparison with FMO controls or matched isotype controls. Flow
cytometry data were analyzed using FlowJo 10.4.2 (Tree Star). For Figure 1A, the expression
of 16 phenotypic markers was analyzed at the single cell-level and compared for CD4* T cells
in PB, LP and IE (n=3) using the merge and calculation functions of Infinicyt software

(Cytognos), as described in detail elsewhere (Pedreira et al., 2013). The population within the
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CD4* T-cell gate was down-sampled for each compartment and exported to a new file, and
then concatenated and subjected to UAMP analysis using the plugin integrated in Flowlo
10.5.3 as in (Bartolome-Casado et al., 2019). All experiments were performed at the Flow

Cytometry Core Facility, Oslo University Hospital.

Microscopy.

Analysis of chimerism was performed as described previously (Landsverk et al., 2017). Briefly,
formalin-fixed 4-um sections were washed sequentially in xylene, ethanol, and PBS. Heat-
induced epitope retrieval was performed by boiling sections for 20min in Dako buffer. Sections
were incubated with CEP X SpectrumOrange/Y SpectrumGreen DNA Probes (Abbott Molecular
Inc.) for 12h at 37°C before immunostaining according to standard protocol with anti-CD3
(Polyclonal; Dako), anti-CD4 (clone 1F6, Leica Biosystems) and secondary antibodies targeting
rabbit IgG or mouse IgG2b conjugated to Alexa Fluor 647 and 555, respectively. Laser scanning
confocal microscopy was performed on an Olympus FV1000 (BX61WI) system. Image z stacks
were acquired at 1-um intervals and combined using the Z project max intensity function in
Image J (National Institutes of Health), and all microscopy images were assembled in

Photoshop and lllustrator CC (Adobe).

CD8 and CD3 immunoenzymatic staining was performed on formalin-fixed 4-um sections,
dewaxed in xylene and rehydrated in ethanol, and prepared with Vulcan Fast red kit (Biocare
Medical) following standard protocols. In brief, heat-induced antigen retrieval was performed
in Tris/EDTA pH9 buffer (EnVision FLEX Dako kit, K8010), followed by staining with primary
antibody (CD8 clone 4B11, Novocastra or CD3, polyclonal, Dako), secondary anti- mouse AP-
conjugated antibody and incubation with substrate (Fast red chromogen, Biocare Medical).
Slides were counterstained with hematoxylin and excess of dye was removed by bluing in
ammoniac water. Tissue sections were scanned using Pannoramic Midi slide scanner

(3DHISTECH) and counts generated with QuPath software (Bankhead et al., 2017).

Statistical analysis
Statistical analyses were performed in Prism 8 (GraphPad Software). To assess statistical
significance among SI CD4* T cell subsets, data were analyzed by one-way ANOVA (standard

or repeated measures, RM-ANOVA) followed by Tukey’s multiple comparison tests.
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Replacement data and distribution of CD4* T cell subsets at different time points were
analyzed by two-way ANOVA matching across subsets followed by Tukey’s multiple
comparison tests. Correlations between replacement kinetics of different CD4* T cell subsets
were calculated using Pearson correlation with two-tailed p-value (95% confidence interval).

P-values of <0.05 were considered significant.
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Figure 1. Human intestinal CD4* T cells are phenotypically distinct from their circulating
counterparts. (A) UMAP visualization after concatenation of flow-cytometric data from PB
(red), LP (gray), and IE (green) CD4* T cells, as described in (Bartolome-Casado et al., 2019).
Representative of three samples. Map of the clusters and representation of each tissue
compartment (left). Overlay of the UMAP clusters and the expression levels for each marker,
color-coded based on the median fluorescence intensity values (MFI) (right). (B)
Representative contour plots showing L-selectin and CD45RA expression on PB, LP and IE CD4*
T cells and classification of these cells into Tcm, central memory; Tem, effector memory;
TemRA, effector memory re-expressing CD45RA; Tn, naive. (C) Phenotypic comparison of total
PB CD4* T cells or (D) effector memory (EM) PB CD4* T cells with intestinal LP, and IE CD4* T
cells. Compiled data for each marker are given and black bars indicate mean values. One-way
ANOVA with Tukey’s multiple comparisons test. ns, not significant; *, P < 0.05; **, P < 0.01
**k% P < 0.001; **** P < 0.0001. (E). Representative histograms showing the differential
phenotypic profile of intestinal CD103~ and CD103* CD4* T cells from LP and IE for several Trw-
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related markers. Mean values and SEM is provided. Compiled data of all the experiments are
shown in Figure S1C.
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Figure 2. CD4* Trm cells persist for >1 yr in the transplanted SI

(A) Representative contour plots at 52 wk after Tx and (B) compile data for the fractions of
donor-derived CD4* T cells in LP CD103" (red) and CD103* (blue) compartments as well as IE
CD103" (grey) and CD103* (green) at 3 (n = 20), 6 (n = 18), and 52 wk after Tx (n = 14)
determined by HLA class | expression (as in A). Gray columns indicate median values. Statistical
analysis was performed using two-way ANOVA for repeated measures (RM) with Tukey’s
multiple comparisons test. ns, not significant; ***, P < 0.001; (C) Pearson correlation of the
percentages of donor-derived cells in the above mentioned LP and IE CD4* T cell subsets 1-yr
after Tx. Statistics performed using two-tailed P value (95% confidence interval, n = 14). (D)
Frequencies of persisting donor cells in different subsets of CD4* and CD8* T cells from the
same biopsies of donor duodenum at 52 weeks (wk) post-Tx. Data for CD8* T cells has been
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previously published (Bartolome-Casado et al., 2019). Grey bars indicate median values. RM
two-way ANOVA. **** P <(0.0001; ns, non-significant. (E) Representative confocal image of
biopsies obtained from donor duodenum (male) of a female patient at one year post-
transplantation. Tissue sections were stained with X/Y chromosome fluorescent in situ
hybridization probes (Y, green; X, red) and antibodies against CD4 (red) and CD3 (blue).
Hoechst (gray) stains individual nuclei. Scale bars, 50um and 10um, respectively.
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Figure 3. Incoming recipient CD4* T cells undergo gradual phenotypic changes over time in
transplanted duodenum (A-D) Representative flow-cytometric analysis for the expression of
different Trm associated markers on donor-derived (black) and recipient- derived (light grey)
LP CD4"* T cells from donor duodenum at the indicated weeks (wk) post-Tx. (E) Distribution of
donor (grey) and recipient-derived (red) LP CD4* T cells isolated from donor duodenum
(above) and native duodenum (below, black) according to the expression of CD103 and KLRG1
at the indicated time-points after-Tx. (F) Pearson correlation of the percentages of donor-
derived cells in LP CD103" KLRG1* and KLRG1 CD4* T cell subsets over time after Tx. Statistics
performed using two-tailed P value (95% confidence interval, n = 32).

21



A Gated on live CD4 T cells in LP

IFNy - AxF488

MIP1B - APC

IL-22 - APC

CD103 - PECy7

80%- 100%_  p=0.0738 100%.
§ il "1 p=0.2702
o——8 1 s
60%.| 0%y =2 § 80%] 3
L 60%. e 1 60%
40% ] o = oo & R
o 40% | ] 40%_
- L
20%_] = 20% Z3 20%.]
[l =
0% 0% 1 0%
50%-, 20%-, 1.5%
1 ] 1.05 0.041 p=0.0140
1,
40%] -y " o

1 w | &1 10% g
30%-| o 1 o \

] L] 10%-| | ; W
20%4 = ] = M 0.5%] \
10% = S S \

o] Tt el 62.2 _367] oonl e
0.8%  p=0.1530 CD103 - PECy7 CD103- CD103+
| o
= 0.6%-|
\
s o\ B (FN-y+
() 0.4% | Ne
: T 0 IL-2+
o — \ B TNF-oct
% T 3% B (FN-y+ IL-2+
87.0 127 0.0%. e B [FN-y+ TNF-o+

CD103- CD103+

CD103 - PECy7

CD103- CD103+

[ IL-2+ TNF-a+
Hl [FN-y+ IL-2+ TNF-a+
3 IFN-y- IL-2- TNF-a-

B Gated on live CD4 T cells in LP
50, |® LPCD4 CD103 v
-8~ LP CD4'CD103*
" 504 |-~ PB CD4' memory .
8 40{ . = . e
+ o x =
o 4
= Al ¢ /
=
8 20
oy
x 104 o ®
®
: oty /4l ¢ 18l
IFN-y+ + o = + + o + =
IL-2+ - + - + - + + 5
TNF-a+ - 2 + 5 + + + >
D LP CD4*CD103  LP CD4*CD103* " p= 0.0015
] 149.4 1.60] 3 .
o © 7
g ] &2 .//
e - A
P =
<F L. 1 oj;'f‘;’/_,é
= i o
T = o
39.0 6.89| 135.8 133 = | ¥
LA Y g il 1 : T T
IL-17 - PE CD103- CD103+

Figure 4. The majority of SI CD4* T cells exhibits a polyfunctional Tu1 profile
(A) Representative contour plots (left) and compiled data (right) showing PMA/ionomycin
induced cytokine production by CD103" compared to CD103* LP CD4* T cells. P values of paired
t-test are displayed. (B) IFN-y,IL-2 and TNF-a production by PB Tem CD4* T cells and intestinal
LP CD1037, LP CD103* CD4"* T cells. The bars indicate mean values. Statistics performed using
one-way ANOVA for each combination of cytokines. (C) Relative fractions of each cytokine
combination indicated in (B) by PB Tem CD4* T cells (n=3), and intestinal LP CD103~ (n=6) and
LP CD103* (n=6). CD4* T cells represented on pie charts with color codes. Mean values of
indicated experiments. (D) Representative contour plots (left) and compiled data (right)
showing simultaneous IFN-y and IL17 expression by LP CD103" and CD103* CD4* T cells. Paired
t-test.
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Figure 5. LP CD4* T cells produce cytotoxic granules after stimulation
Representative flow-cytometric histogram (left) and compiled data (right) for the intracellular
expression of granzyme-B and perforin in LP CD103" and CD103* CD4* T cell subsets without
(UNST) and after (STIM) stimulation with anti-CD3/CD28 beads for 21 h. Red lines indicate
median values. Student’s t test was applied to compare the expression of cytotoxic mediators
by both subsets (black horizontal lines), and by unstimulated versus 21h stimulated cells (red
vertical lines and asterisks). **, P <0.01; ns, not-significant.

Supplementary Materials

Table 1. Antibodies used in the study.

Figure S1. Extended phenotype of SI CD4* T cells, accompanies Figure 1.

Figure S2. Turnover of CD4* T cells in transplanted duodenum, accompanies Figure 2.

Figure S3. Absence of cross-contamination between donor and native (recipient) duodenum.

Figure S4. Comparative of the functional capabilities of LP CD103" KLRG1 and KLRG1* CD4* T
cell subsets.
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Table 1: Antibodies used in the study.

T, 5 £ oz
Target Clone Fluorophore Company Reference = s = ~ ‘c:,' % =
£ £ § £ & & %
CD3 OKT_3 BV650 Biolegend 317324 X X X
CD3 OKT_3 APC-eF780 eBioscience 47-0037-42 X X
CD3 OKT_3 BV510 Biolegend 317332 X
CD3 OKT_3 APC Biolegend 317318 X
CD3 OKT_3 PerCP-Cy5.5 Biolegend 317336 X
CD3 Poly unconj Dako A0452 X
CD4 OKT_4 eF450 eBioscience 48-0048-42 X X X X
CD4 OKT_4 PerCP-Cy5.5 Biolegend 317428 X
. Leica NCL-L-CD4-
b4 176 unconj Biosystems 1F6 X
CD8 SK1 ?IlszSS Biolegend 344716 X X
CD8 SK1 APC-eF780 eBiosciences 47-0087-42 X X X
CD8 SK1 PerCP Cy5.5 Biolegend 344710 X X
CD8 SK1 PE BDB 340046 X
CcDh8 4B11 unconj Novocastra gé:l_ll_ b8 X
CD8b /NHP SIDISBEE eF660 eBioscience 50-5273-41 X X
CD28 CD28.2 BV605 BD Horizon 562976 X X
CD28 CD28.2 APC Biolegend 302912 X X
CD28 CD28.2 PE Biolegend 302908 X X
CD45 HI30 BV510 Biolegend 304036 X X X
CD45 HI30 Ax700 Biolegend 304024 X
CD45 2D1 APC-H7 BDB 560178 X X X
CD45-RA HI1100 APC-eF780 eBiosciences 47-0458-42 X X
CD45-RA HI1100 PE-Cy7 eBiosciences 25-0458-42 X X
CD45-RO UCHL1 APC eBiosciences 17-0457-42 X
CD62-L SK11 FITC Eﬁarmingen 347443 X
CD69 FN50 APC Biolegend 310910 X
CDh103 B-Ly7 PE-Cy7 Biolegend 350212 X X X X X
CD103 Ber-ACT8 BV605 Biolegend 350218 X
CDh103 Ber-ACT8 PE-Cy7 Biolegend 350212 X
CD103 B-Ly7 FITC eBioscience 11-1038-42 X X
CD127 (IL7-R) Hil7r-m21  PE BD-Pharm 561028 X X X
CD127 (IL7-R) Hil7r-m21  BV605 BD-Horizon 562662 X X
CD161 (KLRB1) HP-3G10 BV605 Biolegend 339915 X X
::S?_i?\jm) 2B4 APC Biolegend 329511 X X
CCR7 (CD197)  GO043H7 PE Biolegend 353203 X
CCR7 (CD197)  GO043H7 Zg;zle594 Biolegend 353235 X
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s -
£ B o 5 £z
Target Clone Fluorophore Company Reference = S £ ~ ‘P = =
) x e ) 2] S >
£ £ ° T 5 5> <
o o ) O (@) x
PD-1 (CD279) EH12.1 BV605 BD-Horizon 563245 X X
KLRG1 13F12F2 APC eBiosciences 17-9488-42 X X X X X X
KLRG1 13F12F2 PE eBiosciences 12-9488-42 X X X X
NKG2D 1D11 PE Biolegend 320805 X X
NKG2D 1D11 BV605 BDB 743559 X X
Molecular
TCR-gd 5A6.E9 PE Probes™, MHGDO04 X X X
Invitrogen
Molecular
TCR-gd 5A6.E9 FITC Probes™, MHGDO01 X X
Invitrogen
Anti-Human 5 eos RiTC Dako F0860 X
Epithelial Ag
HLA-A2 BB 7.2 PE Abcam ab79523 X
HLA-A3 GAP.A3 FITC eBioscience 11-5754-42 X
HLA-A3 GAP.A3 APC eBioscience 17-5754-42 X X
HLA-B7 BB7.1 PE Millipore MAB1288 X
HLA-BS REA145  PE Miltenyi 130-118-960 X x
Biotech
SANQUIN
-B LB-GB11 PE M22
Granzyme CLB-G (Dianova AS) 89 X
Perforin gG9 FITC BD-Pharm 556577 X
TNF-alpha MAb11 BV605 Biolegend 502936 X
IFNg 4S.B3 Ax488 Biolegend 502517 X
MQ1- .
IL-2 17H12 PE Biolegend 500306 X
IL-10 JES3-9D7 BVv421 BD-Horizon 564053 X
IL-13 JES10-5A2 APC Biolegend 501907 X
IL-17 i3'°64DEC PE eBioscience  12-7179-41 X
IL-22 22URTI eF660 eBioscience 50-7229-41 X
MiP1beta FL3423L  APC eBioscience  17-7540-41 X
(ccLa)
Ki67 B56 Ax488 BD-Pharm 558616 X
:;%ti’pe MOUSE Mopc-21  Axass BD-Pharm 555909 X X
Isotype mouse ,; 35 FITC BD-Pharm 556577 X
1gG2b
Isotype mouse \,opc.31c pE BD-Pharm 550617 X
IgG1
Molecular
Mouse IgG1 Polyclonal  Alexa 555 Probes™, A-21147 X
Invitrogen
. Molecular
?:EB” l8G Polyclonal  Alexa 647 Probes™, A-31573 X
Invitrogen

APC, allophycocyanin; Ax, Alexa Fluor; BV, brilliant violet; Cy7, cyanin7; eF, eFluor; FISH, fluorescence in situ hybridization;
FITC, fluorescein isothiocyanate; H7, hilite7; PerCP-Cy5.5, peridinin—chlorophyll—protein cyanin5.5; unconj, unconjugated.
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Figure S1. Extended phenotype of SI CD4* T cells, accompanies Figure 1.

(A) Representative flow-cytometric dot-plot and (B) aggregated data for the distribution of T
cell subsets in PB, LP, and IE fractions collected from the same patient. Black lines indicate
mean value. Statistics performed using two-way ANOVA, repeated measures matching both
factors, and Tukey’s multiple comparison test. ns, not significant; *, P < 0.05; ***, P < 0.001;
**x* P <0.0001. (C) Lengthwise representation of the CD4* subsets in LP determined by flow
cytometric analysis of biopsies taken at intervals along resected duodenum-proximal jejunum
from individual subjects after Whipple procedure. n = 5; paired Student’s t test comparing 0
cm to the farthest distance. ns, not significant. (D) Representative histogram showing the
expression of CD101 on PB, CD103" and CD103* LP and IE CD4* T cells. (E) Percentage of
positive cells or MFI values for various markers on intestinal-derived CD103~ and CD103* CD4*
T cells from LP and IE. Black bars indicate median values. Statistical analysis was performed
using repeated-measures one-way ANOVA with Tukey’s multiple comparisons test. *, P <0.05;
** P <0.01; all other comparisons are not significant.
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Figure S2. Turnover of CD4* T cells in transplanted duodenum, accompanies Figure 2.

(A) Representative immunohistochemistry staining of CD3* cells (left) and CD8* T cells (right)
on tissue sections from donor duodenum at baseline (w0) and 1-yr after Tx (w52). Scale bar,
200um. (B) Compile data of CD3* and CD8* T cell counts on tissue sections from donor
duodenum of representative patients (n=8) at baseline (w0, black) and 1-yr after Tx (w52, red).
Paired t-test. (C) Representative dot plot showing Ki67 expression in donor- or recipient-
derived CD4* T cells in LP and epithelium (IE) isolated from biopsies of donor or native
duodenum 1-yr after Tx and control intestinal resections. (D) Compiled data for the
percentages of Ki67-positive cells in donor- or recipient-derived CD4* T cells in LP and IE at
different time points after Tx in donor or native duodenum and in control intestinal resections.
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Figure S3. Absence of cross-contamination between donor and native (recipient)
duodenum. Frequencies of recipient cells within each CD4* T-cell subset in biopsies from
donor and recipient (native) duodenum of the same patients at different time points after Tx.
Black horizontal lines represent median values, and error bars show interquartile ranges.
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Figure S4. Comparative of the functional capabilities of LP CD103- KLRG1 and KLRG1* CD4*
T cell subsets. (A) Frequency of polyfunctional (IL-2*, IFN-y* and TNF-a*) cells within LP CD103"
KLRG1 and KLRG1* subsets (n =4). (B) Frequencies of granzyme-B and (C) perforin positive
cells in unstimulated samples (left) and after 21 h of activation with anti-CD3 beads (right) for
the two subsets (KLRG1*, KLRG1") of CD103" CD4* T cells in LP. Paired student’s t test between
subsets (black) and unstimulated vs stimulated (red). Paired student’s t test was applied to
compare the two subsets. ns, not significant; **, P <0.01.
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Antibody-secreting plasma cells persist for decades

in human intestine
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Plasma cells (PCs) produce antibodies that mediate immunity after infection or vaccination. In contrast to PCs in the bone
marrow, PCs in the gut have been considered short lived. In this study, we studied PC dynamics in the human small intestine
by cell-turnover analysis in organ transplants and by retrospective cell birth dating measuring carbon-14 in genomic DNA. We
identified three distinct PC subsets: a CD19* PC subset was dynamically exchanged, whereas of two CD19~ PC subsets, CD45"
PCs exhibited little and CD45~ PCs no replacement and had a median age of 11 and 22 yr, respectively. Accumulation of CD45~
PCs during ageing and the presence of rotavirus-specific clones entirely within the CD19~ PC subsets support selection and

maintenance of protective PCs for life in human intestine.

INTRODUCTION

Plasma cells (PCs) in the gut produce antibodies that are
transported into the gut lumen and provide crucial protec-
tion against enteric microbiota. PCs are derived from B cells
that have been primed and undergone class-switch recombi-
nation in gut-associated lymphoid tissues (Pabst, 2012). The
intestine is exposed to a changing repertoire of microbial and
dietary antigens and must continuously adapt by adjusting its
immune repertoire. In an early study in mice, the half-life
of gut PCs was estimated to be 4.7 d (Mattioli and Tomasi,
1973), leading to the prevailing notion that the intestinal PC
repertoire is highly dynamic and temporally restricted in an-
tigen specificity. However, in mice, specific antibodies could
be detected 112 d after transient exposure to Escherichia coli
(Hapfelmeier et al., 2010), and PCs generated after immuni-
zation with cholera toxin were found to persist in the lamina
propria for up to 9 mo (Lemke et al., 2016). In humans, the
existence of long-lived PCs in the gut is inferred from their
survival in vitro for 4 wk in cultured small intestinal biop-
sies (Mesin et al., 2011), their phenotypic and transcriptomal
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*L.M. Sollid, ES. Baekkevold, and FL. Jahnsen contributed equally to this paper.
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Abbreviations used: BCMA, B cell maturation antigen; PC, plasma cell; Ptx, pancreatic-
duodenal transplantation; RM-ANOVA, repeated measures ANOVA; SI, small intestine;
VLP, virus-like particle.
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similarity with BM PCs (Nair et al., 2016), and the persistence
of nonproliferating PCs in both ileum and colon for 234 d
after CD19-directed chimeric antigen receptor T cell therapy
(Bhoj et al., 2016). However, direct evidence of long-term
persistence of human gut PCs is lacking.

RESULTS AND DISCUSSION

Weusedfluorescentinsituhybridizationprobestargeting X/Y
chromosomes to discriminate between donor and recipient
cells in biopsies from transplanted duodenum after mixed-
gender pancreatic—duodenal transplantation (Ptx) of type I
diabetes mellitus patients (Horneland et al.,2015) and found
that most CD38" PCs remained of donor origin 1 yr after
transplantation (Fig. 1 A).To investigate the characteristics
of these persisting PCs, we applied a flow cytometry—based
strategy on single-cell suspensions from duodenal-proximal
jejunum (small intestine [SI]). SI resections were obtained
during Whipple procedure (pancreatoduodenectomy) or
from donor and recipient during Ptx. PCs were identified as
CD38MCD27"CD138"CD20™ large cells, and we found
that, in all adult subjects, they could be subdivided into three
major subsets defined by selective expression of CD19 and
CD45 (Fig. 1 B, top; Di Niro et al., 2010). For comparison,

©2017 Landsverk et al. This article is distributed under the terms of an Attribution-Noncommercial-Share
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Figure 1. PCs survive for 1 yr and comprise three distinct subsets in human Sl. (A) Immunofluorescence confocal micrograph of endoscopic biopsy

from (female) donor duodenum 1 yr after Ptx into male recipient. Tissue sections were probed with X/Y chromosome fluorescent in situ hybridization probes
(Y, green; X, red) and stained with anti-CD38 (red) and anti-CD45 (blue). Hoechst (gray) stains individual nuclei. The micrograph is representative of five
gender-mismatched transplants. (B) Representative flow cytometric analysis of PCs (top) and B cells (bottom) from resected Sl obtained during Whipple
procedure or donor/recipient SI during Ptx. Dot plots and histograms are representative of all (CD27, CD38, CD19, and CD45), 4 (CD138), 19 (HLA-DR), and
5 (CD20) subjects. (C) The lengthwise representation of the PC subsets was determined by flow cytometric analysis of biopsies taken at intervals along
resected duodenum-proximal jejunum from individual subjects after Whipple procedure. n = 5; paired Student's t test 0-20 cm (n = 3). (D) Blimp-1 ex-
pression among PC subsets was analyzed by intracellular staining and flow cytometry. The histogram is representative for 12 subjects (Whipple procedure).
(E) Representative micrographs of memory B cells and PC subsets sorted by flow cytometry and stained with Hemacolor reagent. n = 2; Whipple procedure.
(F) The percentage of memory B cells and PC subsets expressing cell surface IgA (black dots; n = 14) or IgM (red dots; n = 15) was determined by flow-
cytometric analysis. Bars indicate median values. Dots represent individual subjects, Sl resections from Whipple procedure, and Ptx. (G) IgA secretion from
flow-sorted IgA* (black dots) or IgM~ (red dots) memory B and PC subsets was determined by ELISA after 40-h culture in vitro and was normalized to the
total for each subject. n = 5; Whipple procedure and Ptx. (F and G) One-way repeated measures ANOVA (RM-ANOVA), IgA* versus IgM* memory B cells in

F; paired Student's t test. *, P < 0.05; ™, P < 0.01; **, P < 0.001; ***, P < 0.0001. Bc, B cell; mB, memory B cell; Rel., relative.

we also examined CD38"CD20"HLA-DR™ B cells. These
were dominantly CD27IgD™ memory B cells, consistently
present at low frequency in SI lamina propria, whereas
CD277IgD IgM" naive-mature B cells represented a vari-
able minor contribution from isolated lymphoid follicles
(Fig. 1 B, bottom; and not depicted; Farstad et al., 2000).
The CD19"CD45" (hereafter CD19%) and two CD19~ PC
subsets (hereafter CD45" and CD457) had a similar rep-
resentation in mucosal biopsies taken at intervals along
the upper SI of individual subjects (Fig. 1 C), expressed
high levels of CD27, CD38, and the PC transcription fac-
tor Blimp-1, and had characteristic PC morphology (Figs.
1, D and E). The majority of cells were IgA™ in all subsets
(Fig. 1 F). However, CD19" PCs had a larger proportion of
IgA™ cells, and these secreted more IgA than either of the
CD19™ PC subsets when cultured in vitro (Fig. 1 G).This
could indicate that CD19" PCs represented a more active
PC subset potentially recently generated in response to cur-
rent antigenic challenge.

To quantitatively determine the in vivo dynamics of the
PC subsets, we exploited differences in HLA class I haplo-
type between donors and recipients after Ptx (Fig. 2 A). We
found very few new (recipient) PCs in donor duodenum 3-6
wk after transplantation, and these were dominantly CD19"
(Fig. 2 B). After 1 yr, a median 32% of the CD19" PCs was
from the recipient, whereas the input into the CD45" PC
subset remained minor (median 2.3%), and the contribution
to the CD45™ PC subset was negligible (median 0.01%). By
comparison, B cells were largely replaced within 3-6 wk.
However, some patients retained a few donor memory B cells
even after 1 yr (Fig. 2, A and B, left), suggesting that these
cells may also contribute to maintaining the clonal repertoire
in humans (Lindner et al., 2012). We could not detect any
donor B cells or PCs in the adjacent recipient duodenum
(Fig. 2 C), demonstrating that there was no lateral mobility
or propagation of donor PCs or B cells from solitary cells
or from putative residual lymphoid tissue in the graft. To es-
tablish whether the new (recipient) PCs were adding to or
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Figure 2. SI-PC subsets have different replacement kinetics and in vivo stability. (A) Representative flow cytometric analysis of memory B cell
(mB) and PC subsets in endoscopic biopsies from donor duodenum 52 wk after Ptx (donor HLA-A27/A3*; recipient HLA-A2¥/A37). (B) The percentage of
recipient (Rec.) cells in each subset 3, 6, and 52 wk after Ptx was determined by HLA class | expression as in A. Each dot represents an individual donor. n
= 10. One-way RM-ANOVA was used. (C) Chimerism was determined in endoscopic biopsies from donor duodenum (closed circles) and adjacent recip-
ient duodenum (open circles) 52 wk after Ptx. n = 5. (D and E) The relative representation irrespective of origin of CD19" PCs among total PCs (D) and
CD45~ among CD19~ PCs (E) was determined before and 52 wk after Ptx in donor (closed circles; n = 4) and adjacent recipient duodenum (open circles; n
= 3). (F) Donor-recipients pairs with different CD19~ PC subset representation before Ptx were examined 52 wk after transplantation (n = 3). Data points
represent individual subjects; lines connect data from the same patients at different time points (D and E) or donor and recipient tissue at the same time
point (F). Paired Student's t test was used. *, P < 0.05; **, P < 0.01; **, P < 0.0001.

replacing the preexisting donor CD19" PC population, we
examined the relative representation of PC subsets (irrespec-
tive of origin) before and after Ptx. We observed a general
decrease in CD19" PCs relative to the CD19~ PC subsets
after surgery in both donor and adjacent recipient duodenum
(Fig. 2 D). However, the ratio between the CD19™ PC subsets
remained stable throughout the 1-yr follow-up (Fig. 2 E), and
any difference in CD19~ PC subset representation between
donor and recipient before transplantation was maintained
(Fig. 2 F).This demonstrates that CD19" PCs are dynamically
exchanged in human SI and that the CD19™ PC subsets rep-
resent stable populations with potentially very long lifespans
that do not rapidly adapt to the environment of a new host.
The subdivision and dynamics of SI PCs are reminiscent
of the recently reported division of BM PCs into static CD19~
PCs that maintain long-term immunity and dynamic CD19*
PCs that provide the transient response to new antigens (Hal-
liley et al., 2015; Mei et al., 2015). In the BM, CD19~ PCs
have a prosurvival phenotype characterized by low expression
of the proapoptotic receptor CD95, high expression of the
antiapoptotic protein Bcl2, and low proliferation relative to
CD19" PCs (Mei et al., 2015). We found that PCs in human
SI had a similar phenotype: CD19" PCs expressed signifi-
cantly more CD95, less Bcl-2, and contained more proliferat-
ing Ki67" cells relative to CD45~ PCs, whereas CD45" PCs
were intermediate in all regards (Fig. 3, A—C). BM PCs are
maintained in a survival niche where a proliferation-induc-
ing ligand (APRIL) binding to the B cell maturation antigen
(BCMA) is a crucial survival factor (O’Connor et al., 2004;
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Peperzak et al., 2013). APRIL is abundantly present in human
intestine (Barone et al., 2009; Gustafson et al., 2014), and we
found that BCMA was highly expressed by all SI PC sub-
sets (Fig. 3 D). Furthermore, homotypic interactions between
CD56" osteoblasts and/or mesenchymal stem cells and PCs
may be involved in stable positioning within the BM survival
niche, and CD80/86 interaction with CD28 can support the
survival of long-lived BM PCs (see Mei et al., 2015). CD56
and CD28 are both enriched in CD19~ relative to CD19"
PCs in the BM (Met et al., 2015), and we found a similar dis-
tinction in the SI, with CD45" PCs expressing intermediate
levels of both markers (Fig. 3, E and F).To determine whether
pathogen-specific clones were contained among the long-
lived SI PCs, we measured reactivity against eGFP-labeled
rotavirus particles (Di Niro et al., 2010). Rotavirus infects a
high proportion of the population worldwide and is a major
cause of diarrhea in young children. It has previously been
demonstrated that the SI contain PCs specific for rotavirus
(Di Niro et al., 2010), and we found that rotavirus-specific
clones were predominantly present within the CD19™ PC
subsets in all subjects tested (Fig. 3 G).

The intermediate phenotype and dynamics suggested
that CD45" PCs represented a developmental stage between
CD19" PCs and CD45~ PCs. To elucidate the relationship
between the SI-PC subsets, we sorted IgA™ PCs from SI re-
sections obtained from Whipple procedure and performed
high throughput sequencing of the heavy-chain variable re-
gion (IGHV) genes. All PC subsets displayed similar IGVH
gene segment usage and number of IGHV somatic mutations
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Figure 3. CD19~ PCs exhibit features of advanced maturity and are enriched for rotavirus-specific clones. (A) The percentage of CD95* cells was

determined relative to isotype control by flow cytometric analysis. n = 5; Whipple procedure. (B) The mean fluorescence intensity (MFI) of Bel2 relative to
isotype control staining (AMFI) on PC subsets was determined by flow cytometric analysis and presented as the fraction of total value for each subject. n =
12; Whipple procedure. (C-F) The percentage of Ki67* (n = 9), BCMA* (n = 10), CD56" (n = 14), and CD28" (n = 7) was determined relative to isotype control
staining in Sl resections (Whipple procedure and Ptx). (G) Rotavirus-reactive PCs were detected using eGFP-labeled VLPs relative to eGFP by flow cytometric
analysis (S| resections from Whipple procedure [n = 3] or Ptx [n = 4]; median age 49 yr; range 7-74 yr; 2 female). Data points represent individual subjects.
Red bars indicate mean values. FSC, forward side scatter. *, P < 0.05; **, P < 0.01; ***, P < 0.0001; one-way RM-ANOVA.

(Fig. 4, A and B). Application of the Morisita-Horn index
showed an overall high degree of clonal sharing between the
SI-PC subsets (Fig. 4 C). However, CD45~ PCs were consis-
tently more closely related to CD45" PCs than CD19" PCs,
and CD45" PCs exhibited a higher level of clonal sharing
with the other two subsets (Fig. 4, C and D), thus supporting
an intermediate developmental stage of CD45" PCs.

To investigate the development of the long-lived SI-PC
compartment, we examined the representation of PC subsets
in relation to age in SI resections obtained from donors (n =
27;age 7-51 yr; 17 female) and patients (n = 18; age 23-57 yr;
7 female) during Ptx and from patients undergoing Whipple
procedure (n = 27; age 57-87 yr; 13 female). We found that
whereas the CD19" PCs were consistently present in all sub-
jects, the CD19™ PC compartment was completely dominated
by CD45" PCs until late adolescence (Fig. 5,A and B). To di-
rectly determine the age of PCs in the SI, we sorted the PC
subsets from resected SI (Whipple procedure) and measured
carbon-14 in genomic DNA by accelerator mass spectrome-
try. The concentration of carbon-14 in DNA mirrors the level
of atmospheric carbon-14, which peaked during the cold war
and then decreased exponentially after the Limited Nuclear
Test Ban Treaty in 1963 and can be used to retrospectively
birth date cells in humans (Bergmann et al., 2009). We deter-
mined that the median age of CD45™ PCs was 22 yr among
our subjects. CD45" PCs were 11 yr old, whereas CD19" PCs
appeared to undergo constant renewal (Fig. 5 C). It is known
that intestinal PCs are absent at birth but increase during the
first few months to reach adult densities in early childhood (El
Kaissouni et al., 1998; Gustafson et al., 2014). Therefore, sub-
jects born before the bomb spike may have PCs formed early

in life that contain low concentrations of carbon-14, and thus,
the determined ages for these subjects represent lower limits
of the actual age of the cells (Fig. 5 D). Furthermore, as the
individual carbon-14 values were derived from several million
sorted cells and cells were added to the PC compartment over
time (Fig. 2 B and Fig. 5 A), the oldest cells in the population
would likely be considerably older than the quantified average.
In agreement with our other results, this suggests that there is a
gradual selection and conservation of clones from the CD19"
PC population into a CD19™ PC compartment initially as
CD45" PCs that, after some time, lose CD45 expression. It is
highly probable that clones generated during childhood, such
as during rotavirus infection (Fig. 3 G), are maintained within
the CD45™ PC population. To our knowledge, the expression
of CD45 by CD19"~ BM PCs has not been addressed, but it
is known that BM contains CD45"~ PCs, and as both CD19~
and CD45~ BM PCs express more CD56 and proliferate less
than their positive counterparts, it seems likely that a similar
division of PCs exists in the BM (Pellat-Deceunynck and
Bataille, 2004; Mei et al., 2015).

In conclusion, we have defined three subsets of SI PCs,
which are functionally and phenotypically similar to BM
PCs, and delineated their distinct replacement kinetics and
developmental relationship. The presence and persistence of
long-lived SI PCs deviates from the prevailing paradigm of
humoral memory in the gut. Our data indicate that current
antigenic challenge and attrition primarily affects the dy-
namic CD19" PC compartment and show that distinct an-
tibody specificities are conserved within a very long-lived
CD19™ PC population that likely provides life-long protec-
tion against enteric pathogens. The existence of long-lived,
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in region (left) describing figure elements in the Circos plot.

nonproliferating CD19™ PCs in the gut gives promise for the
development of oral vaccines but also needs to be addressed
in clinical strategies targeting malignant or autoreactive PCs
using chemotherapy, therapeutic antibodies, and chimeric an-
tigen receptor T cell therapy.

MATERIALS AND METHODS

Human biological material

Duodenum-proximal jejunum tissue was resected from non-
pathological SI during Whipple procedure (pancreaticodu-
odenectomy) of pancreatic cancer, distal bile duct cancer,
or periampullary carcinoma patients (n = 35; mean age 70
yr; range 53—87 yr; 17 female) or from donor and patient
duodenum during pancreas transplantation of type I diabe-
tes mellitus patients (donors: n = 21, mean age 25 yr, range
7-51 yr, 11 female; patients: n = 15, mean age 40 yr, range
23-57 yr, 6 female; Horneland et al., 2015). Endoscopic bi-
opsies were obtained from donor and patient duodenum by
endoscopy 3, 6, and 52 wk after transplantation. All biological
samples were evaluated blindly by an experienced pathologist
(EL. Jahnsen), and only material with normal histology was

JEM

included (Ruiz et al., 2010). Resected SI was opened longi-
tudinally and rinsed thoroughly in PBS, and mucosal folds
were dissected off the submucosa. Mucosal specimens for mi-
croscopy were fixed directly in formalin and paraffin embed-
ded. To obtain single-cell suspensions for flow cytometry, cell
sorting, and culture, epithelial cells were removed by washing
in PBS containing 2 mM EDTA three times for 20 min at
37°C, and the lamina propria was minced and digested in
RPMI medium containing 2.5 mg/ml Liberase and 20 U/
ml DNase I (both from Roche) at 37°C for 1 h. Digested
tissue was passed through 100-pm cell strainers (Falcon) and
washed three times in PBS. The study was approved by the
Regional Committee for Medical Research Ethics in South-
east Norway and the Privacy Ombudsman for Research
at Oslo University Hospital-Rikshospitalet and complies
with the Declaration of Helsinki. All participants gave their
written informed consent.

Flow cytometry and FACS
Single-cell suspensions from lamina propria were analyzed by
flow cytometry according to standard procedure using fluoro-
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Figure 5. CD45~ PCs accumulate with age and persist for decades in human Sl. (A) The representation of each SI-PC subset in Sl resections (n = 72)
obtained during Whipple procedure or donors and recipients during Ptx was determined by flow cytometric analysis and plotted against subject age. Lines
represent nonlinear fitting (one-phase exponential decay). R? and two-tailed p-values of age and subset representation are shown on the graphs (Pearson
correlation). (B) Dot plots show representative flow cytometric analysis of subjects with increasing age from A. (C) Carbon-14 concentrations in genomic
DNA isolated from SI-PC subsets bead sorted from Sl resections (Whipple procedure) were measured by accelerator mass spectrometry (n = 5; 1 female).
The average age of cells in each PC subset was inferred from plotting the concentration of carbon-14 from each sample on the atmospheric carbon-14
curve, determining the corresponding year, and subtracting the year samples were acquired. Dots represent carbon-14 values and year of birth for individ-
ual donors. Vertical dashed red lines indicate data from subjects born before, yellow lines during the increase, and blue lines after the peak in atmospheric
carbon-14. (D) lllustration of the strategy to infer age of cells based on amount of carbon-14 in genomic DNA relative to carbon-14 level in the atmosphere
and subject age (hypothetical subject A [blue]; subscript gives age). Note that in subjects born prior to the bomb peak (red; B), cells generated during the
bomb spike (i.e., B;) will have higher carbon-14 concentration relative to their renewal rate, and cells generated post-bomb (i.e., By and Bg) will have lower

carbon-14 concentration relative to their renewal rate.

chrome-conjugated antibodies targeting HLA-A2—-PE (Abcam);
CD20-FITC, CD45-APC-H7, and Ki67-FITC (BD); Bcl2—
Alexa Fluor 488, BCMA-PE, CD3-APC, CD14-APC, CD19—
Alexa Flour 488/PE-Cy7, CD20-PE, CD27-BV421/Pacific
blue/APC-Cy7/PE-Cy7, CD28-Alexa Fluor 488, CD38-PE/
APC-Cy7, CD45-BV510/APC-Cy7, CD56—Alexa Flour 488,
CD95-PE,and HLA-DR-BV605/PerCP (BioLegend); CD138-
FITC/PE-Cy7 and HLA-A3-FITC/APC (eBioscience);
HLA-B7-PE (EMD Millipore); HLA-B8—PE (Miltenyi Biotec);
IgA-FITC/PE, IgM-FITC/PE, and IgD-FITC/PE (Southern-
Biotech);and Blimp-1-DyLight 488 (Thermo Fisher Scientific).
For detection of intracellular antigens, cells were fixed in form-
aldehyde and permeabilized using a Foxp3 staining buffer set
(eBioscience). Detection of rotavirus-specific PCs was performed
using eGFP-tagged virus-like particle 2 (VLP2)—eGFP/VLP6
(provided by D. Poncet and A. Charpilienne, Institut de Biologie
Integrative de la Cellule, Paris, France; Charpilienne et al.,2001)
at a final concentration of 1 pg/ml. eGFP (Promega) was used
as a negative control. All flow cytometry was performed on an
LSR Fortessa, and FACS was performed on a FACSAriall flow
cytometer (both from BD). Data were analyzed using Flow]Jo 10
(Tree Star),and figures were assembled in Ilustrator CS4 (Adobe).

Microscopy
Sections were cut from paraffin blocks in series at 4 pm,
mounted on Superfrost Plus object glasses (Thermo Fisher

Scientific), and washed sequentially in xylene, ethanol, and
PBS. Heat-induced epitope retrieval was performed by boil-
ing sections for 20 min in Dako buffer and cooled to room
temperature before staining. Sections were incubated with
CEP X SpectrumOrange/Y SpectrumGreen DNA Probes
(Abbott Molecular Inc.) for 12 h at 37°C before immu-
nostaining according to standard protocol with anti-CD38
(clone SPC32; Novocastra), anti-CD45 (polyclonal; Abcam),
and secondary antibodies targeting mouse IgG1 or rabbit IgG
conjugated to Alexa Fluor 555 and 647, respectively. Stained
sections were mounted with ProLong Diamond Antifade
mountant (Molecular Probes). Sorted cells were attached to
Superfrost Plus object glasses by centrifugation at 800 rpm for
3 min, stained with Hemacolor reagents (EMD Millipore),
and mounted with Pertex mounting medium (Histolab Prod-
ucts AB). Light microscopy was conducted on a BX51 mi-
croscope (Olympus) using 10%/0.30 or 40x/0.75 UPlanFI
objectives, and images were acquired with a Colorview IIIu
camera (Olympus). Phase contrast micrographs of sorted cells
cultured in vitro (Fig. S1 B, insets) were acquired on a mi-
croscope (DM IL; Leica Biosystems), with a 40X/0.50 Hi
PLANT1 objective and a DCF290 camera (Leica Biosystems)
using Cell*P software. Laser scanning confocal microscopy
was performed on an Olympus FV1000 (BX61WI) system
with 405-, 488-,543-, and 633-nm laser lines using 20%X/0.80
or 60%X/1.35 UPlanSApo oil objectives (Olympus). Image z
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stacks were acquired at 1-um intervals and combined using
the Z project max intensity function in Image J (National
Institutes of Health). All microscopy images were assembled
in Photoshop and Ilustrator CS4 (Adobe).

Cell culture and ELISA

Cells were flow sorted as IgA" (n = 5) or [gM™ (n = 3) and
cultured for 40 h in RPMI medium with 10% heat-inactivated
fetal calf serum, L-glutamine, and penicillin-streptomycin at a
density of 2.5 X 10° cells/ml before cells were spun down at
500 rcf/7 min, and the supernatant was transferred in twofold
dilution to 96-well plates precoated with rabbit anti-human
IgA (A0262; Dako) and blocked with 1% BSA. Purified IgA
monomer at known concentration was used as standard (cour-
tesy of R. Iversen, Oslo University Hospital-Rikshospitalet
and the University of Oslo, Oslo, Norway). Bound IgA
was detected with goat anti-human IgA peroxidase con-
jugate (A0295; Sigma-Aldrich) and tetramethylbenzidine
(Kirkegaard & Perry Laboratories).

High throughput sequencing of IGHV

10* IgA™ cells of each subset from four donors were sorted into
25 pl of catch buffer (10 mM dithiothreitol and 2 U/pl RNAsin
[Promega] in PBS) and snap frozen at —80°C. cDNA synthe-
sis was performed using IGH] reverse primers indexed to allow
simultaneous sequencing of different samples, as well as six ran-
dom nucleotides to generate unique molecular identifiers and
a part of lumina adapters (Snir et al., 2015). 3.5 pl of 10 uM
indexed IGH] primer was added together with 1.5% vol/vol
NP-40 and 0.5 pl of 40 U/ul RNAsin (Promega) to 14 pl of
lysate. Diethylpyrocarbonate-treated water was added to a final
volume of 25 pl, and lysates together with primer mix were in-
cubated at 65°C for 5 min. Next, 25 pl of reverse transcriptase
mix (10 pl X 5 reverse transcriptase buffer, 3.5 pl of 100 mM
dithiothreitol, 4.5 pl of 10 mM dNTP-Mix, 0.7 pl of 40 U/ul
RNAsin [Promegal, 0.9 pl Superscript IIT [Invitrogen], and di-
ethylpyrocarbonate-treated water) was added. cDNA was syn-
thesized at 42°C for 10 min, 25°C for 10 min, 50°C for 60 min,
and 94°C for 5 min and stored at —20°C. Second-strand cDNA
was synthesized using AmpliTaq Gold polymerase (Applied
Biosystems) with forward IGHV1-6 framework region 2 (van
Dongen et al., 2003), which was indexed and included six ran-
dom nucleotides and a part of Illumina adapters. Second-strand
synthesis was performed at 95°C for 7.5 min, 52°C for 2 min,
and 72°C for 10 min. Double-stranded cDNA was further pu-
rified using an AMPure XP system (Beckman Coulter) at a 1:1
ratio according to the manufacturer’ instructions. Next, the sec-
ond part of the Illumina adapter was connected using R1 and
R2 primers. PCR was performed using Multiplex PCR (QIA
GEN) at 95°C for 15 min X 25 (95°C for 30 s, 60°C for 45 s,
and 72°C for 90 s) and 72°C for 10 min. Final IGHV ampli-
con libraries were purified using the AMPure XP system and
further run and extracted from agarose gel. Paired-end se-
quencing of 300 base pairs was performed using a MiSeq se-
quencer (llumina) at the Norwegian Sequencing Centre in
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Oslo, Norway. Raw sequencing data were processed using pRES
TO (Vander Heiden et al., 2014) as previously described (Snir
et al., 2015). Unique sequences to which at least two copies
were present were further aligned using the ImMunoGeneTics
database (Lefranc et al., 2003), and their IGHV, IVH]J segments,
and CDR3 were determined (Table S1). Clonally related se-
quences originating from a common ancestor were assigned
within the PC subsets and between the different subsets using
Change-O (Gupta et al., 2015), and the frequencies of clones
that are shared between PCs subsets was further calculated. Pre-
sentation of clonal sharing between PC subsets was assembled
in Circos (Krzywinski et al., 2009), where the size of each sub-
set is determined based on the number of clones and duplicates
within each subset. A threshold of 10 duplicates was applied for
lines to be drawn between individual shared clones, and the
width of connecting lines is proportional to the number of du-
plicates within single clones.

Bead-based PC sorting for carbon-14 dating

Single-cell suspensions from SI resections (n = 6; Whipple
procedure; Table S2) were stained with biotinylated (DSB-X
Biotin Protein kit; Molecular Probes) anti-CD38 antibody
(clone HB7 from Absolut Antibody LTd). Bead-free CD38"
cells were obtained after isolation with Flexicomp beads and
subsequent incubation with releasing buffer, following the
kit’s instructions (11061D; Thermo Fisher Scientific). Rare
contaminating CD38%™ T cells were depleted with anti-CD3
Dynabeads (11151D;Thermo Fisher Scientific) before release
of CD38" PCs. Purity of sorted CD38" PCs was assessed by
flow cytometry and was consistently >90%. CD19", CD45",
and CD45~ PC subsets were magnetic-activated cell sorted
in two sequential steps: first applying CD19 microbeads and,
then, sorting the resulting negative fraction with CD45 mi-
crobeads (both from Miltenyi Biotec).

DNA extraction for carbon-14 dating

A clean room (ISO8) was used to isolate the DNA.AIl glassware
was baked for 4 h at 450°C before use. The cells were incubated
at 65°C overnight with 1 ml of lysis buffer (100 mM Tris, pH
8.0, 200 mM NaCl, 1% SDS, and 5 mM EDTA) and 12 pl
of 40 mg/ml proteinase K. 6 pl of RNase cocktail (Ambion)
was added and incubated at 65°C for 1 h. Half a volume of
5 M NaCl was added to each sample.The tubes were vortexed
for 30 s and then spun down at 13,000 rpm for 6 min. The
supernatant was transferred to a glass vial containing absolute
ethanol (three times the volume) and then gently agitated. The
DNA was washed three times in washing buffer (70% ethanol
[vol/vol] and 0.5 M NaCl) and dried at 65°C overnight. 500 pl
of DNase/RNase free water (Gibco; Invitrogen) was used to
resuspend the DNA.The purity and concentration were ver-
ified by UV spectroscopy (NanoDrop; Table S2).

Accelerator mass spectrometry and carbon-14 dating
A special sample preparation method has been developed for
the microgram-sized DNA samples (Salehpour et al., 2013).
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The purified DNA samples were received suspended in water.
The samples were subsequently lyophilized to dryness under
vacuum and centrifugation. Excess CuO was added to the
dried samples in quartz tubes, which were then evacuated
and sealed with a high temperature torch. The quartz tubes
were placed in a furnace set at 900°C for 3.5 h to combust
all carbon to CO,.The evolved gas was cryogenically purified
and trapped.The CO, gas was converted to graphite in indi-
vidual submilliliter reactors at 550°C for 6 h in the presence
of zinc powder as reducing agent and iron powder as catalyst.
The graphite targets were measured at the Department of
Physics and Astronomy, lon Physics, Uppsala University using
a 5-MV pelletron tandem accelerator (Salehpour et al., 2015).
Stringent and thorough laboratory practice is necessary to
minimize the introduction of stray carbon into the samples,
including preheating of all glassware and chemicals before
sample preparation. Large CO, samples (>100 pg) were split
and 8"C was measured by stable isotope ratio mass spectrom-
etry, which established the 8”C correction to —24.1 + 1%
(2 SD) for leukocyte samples. Corrections and reduction of
background contamination introduced during sample prepa-
ration were made as described by Hua et al. (2004) and Santos
et al. (2007).The measurement error was determined for each
sample and ranged between = 8 and 24% (2 SD) A™C for
the large sample and small samples (10 pg C), respectively. All
"C data are reported as decay corrected A'*C or Fraction
Modern. All accelerator mass spectrometry analyses were per-
formed blind to age and origin of the sample. Carbon-14 data
are summarized in Table S2.

Statistical analysis

All statistical analysis was performed in Prism 6 (GraphPad
Software). Statistical significance between subsets was calcu-
lated using Tukey’s posthoc test for multiple comparisons.
Paired Student’s ¢ test with two-tailed p-value (95% confi-
dence interval) was used to compare ratios of PCs. Nonlinear
fitting was applied using one-phase association. Correlation
between age and subset abundance was calculated using
Pearson correlation with two-tailed p-value (95% confi-
dence interval). Morisita-Horn index for similarity between
different subsets was calculated using the R spa package.
Results are expressed as individual data points with median
or mean values = SD. P-values of <0.05 were considered
significant. The tests used and magnitudes for p-values are
indicated in each figure legend.

Online supplemental material

Fig. S1 presents gating strategy for flow cytometry and cell
sorting. Table S1 provides additional IGHV sequencing data,
and Table S2 presents detailed carbon-14 data.
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Figure S1.  Gating strategy for flow cytometry and cell sorting of B cells and PC subsets. (A) Gating strategy for flow cytometric analysis of B cells and
PCs in single-cell suspensions from human duodenal-jejunal resections and endoscopic biopsies. Arrows indicate sequential gating. Numbers indicate percent-
age of cells in gate or absolute number of cells in each plot. FSC, forward scatter; Pl, propidium iodide; SSC, side scatter. (B) Gating strategy for cell sorting from
Sl resections with sorting purity check (middle right and bottom three dot plots). Cell debris, aggregates, and dead cells were gated out (as in A; top and middle
left) before the CD27/CD38 gating (top left). Insets show phase contrast micrographs of sorted live cells from their respective gates after culture for 12 h in vitro.
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