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Heterogeneity of CD4+ T cells

Abstract

CD4+ T cells, which consist of T helper cells and T regulatory cells (Tregs) are
indispensable for adaptive immunity. T helper cells are key positive regulators of both the
humoral and cellular immune responses to infections, whereas Tregs attenuate immune
responses and are important for tissue homeostasis. It has been known for over 30 years that
CD4+ T cells are a heterogenous population that can be divided into several groups, which were
largely defined in vitro according to their cytokine production profiles. First, we attempted to
unravel the T cell heterogeneity in vivo at a single cell resolution. To this end, we performed
single cell RNA-seq on colonic CD4+ T cells from healthy mice, as well as mice infected with
pathogens that are known to skew the T cells towards particular cytokine responses. Upon
infection, effector CD4+ T cells completely change and diversify their transcriptome. However,
these transcriptional changes only partially fit with the classic T helper programs. Interestingly,
I117a-expressing cells from different conditions are transcriptionally more similar to Ifng-
expressing cells from the same condition, suggesting that these are not entirely distinct cell
subsets. Instead, we identified several overlapping gene modules that orchestrated a
continuum of Ifng and Il17a-expressing cell states. Transcriptional profiling and ELISA of sorted
populations from different “poles” of the continuum further validated these data. Moreover,

we identified several new CD4+ effector T cells subpopulations, such as a population that

il



expresses some myeloid genes. Our findings suggest that Th1/17 are not accurate
classifications in vivo, but that T helper cells are a heterogenous population, which is not
defined solely by their cytokine production ability. Second, we developed a set of CRISPR/Cas9
tools to study the effect of loss of function (LOF) mutations on Tregs’ heterogeneity in vivo. We
employed this to validate certain genes that were found to be specifically overexpressed in
tumor Tregs, which dampen immune responses to tumors. We found that LOF of Tnfrsf8, Cxcr3,
and Samsn1 in Tregs led to their depletion in tumors. Thus, these genes may serve as potential

targets for cancer immunotherapy.
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Chapter 1: Introduction



1.1 The diverse functions of CD4 T cells

CD4 T cells, also known as T helper cells, are indispensable for adaptive immunity as
they are key regulators of both the humoral and cellular immune responses. Their importance
in the immune system is evident as patients who do not harbor T cells due to either genetic
causes (primary T cell deficiency) or HIV infection (which causes decreased counts of CD4 T cells
in the blood) easily succumb to bacterial and viral infections, and additionally develop tumors
at a higher rate (Geha et al., 2008).

CD4 T cells arise from common lymphoid progenitors (CLPs) that seed the thymus and
differentiate into double positive CD4'CD8" T cells (Godfrey et al., 1993). In the thymic cortex
they undergo positive selection, in which T cells that can bind MHC class || become CD4-single-
positive cells. They then undergo negative selection in the thymic medulla, where autoreactive
cells are deleted (Davis et al., 1998). This way, only CD4 T cells that can bind MHC class II, but
not at high affinity to MHC class Il loaded with self-peptides can exit the thymus. When CD4 T
cells egress the thymus, they are naive and require T cell receptor (TCR) stimulation to become
activated perform their role.

CD4 T cells have been shown to perform many diverse functions. In the humoral arm of
the immune response, they “help” B cells to properly differentiate, activate and secrete
antibodies. Jacques Miller, who initially discovered the immunological function of the thymus,
showed that irradiated mice required cells from both the thymus (T cells) and the bone marrow
(B cells) to develop an antibody response after immunization (Miller et al., 1961 and Miller et

al., 1968). This study, as well as other confirmatory studies with different antigens showed that



thymus-derived lymphocytes help bone marrow-derived cells with antibody production, with
the exact term “helper cell” coined in 1970 (Raff, 1970).

CD4 T cells participate in the humoral immune response in several ways. First, they
secrete cytokines such as IL-4, IL-5, IL-21 or IL-13 to induce B cell differentiation and
proliferation in a cell-cell contact independent manner (Howard et al., 1982). Specifically, IL-4 is
important for B cell survival, somatic hypermutation and immunoglobulin class switch
recombination to Igt and 1gG1 (Crotty et al., 2015). IL-4 knockout mice exhibit lower IgE and
IgG1 antibody responses to pathogens but mostly normal germinal center formation and
primary B cell responses (Kopf et al, 1995). Conversely, IL-5 enhances IgA secretion by B cells
(Harriman et al., 1988). IL-5 can help recruit eosinophils to the site of infection as demonstrated
by the fact that monoclonal antibodies to IL-5 but not IL-4 prevent eosinophilia in mice
(Coffman et al., 1989). Additionally, IL-21 has been shown to be the most potent cytokine for
stimulating plasma cell differentiation as well as induction of AID for somatic hypermutation
(Parrish-Novak et al., 2000 and Ettinger et al., 2005).

Second, T helper cells directly activate B cells via interaction between their T cell
receptor (T cells) and an appropriate peptide:MHC class Il complex on the B cells. Upon TCR
recognition of the antigen specific B cell, CD40 ligand on the T cell surface can bind the B-cell
surface receptor CD40, which causes the B cell to enter into cell cycle (Armitage et al., 1992).

CD4 T helper cells also have important function in the cellular arm of the immune
response. Macrophages get activated and polarized to different states by CD4 T helper cells
producing either IFN-y or IL-4 and IL-13 (Murray et al., 2014). Stout and Bottomly (1989) first

demonstrated that only IFN-y producing Thls but not IL-4 producing Th2s could activate



effector macrophages in the presence of tumor antigens. CD4 T helper cells can secrete IFN-y
and instruct macrophages to kill parasites (M1) secrete IL-4 and suppress macrophages (M2)
(Mills et al., 2000).

CD4 T helper cells are indispensable for the adaptive arm of the cellular response as
well. Keene and Forman (1982) showed that helper activity is required to generate CD8+
cytotoxic T lymphocytes (CTLs) in vivo. Specifically, Jennings et al. (1991) showed that CD4 T
helper cells are required for the generation of a primary CTL response against Herpes Simplex
Virus (HSV). Although mice can mount a primary CTL response to highly inflammatory antigens
of other bacterial and viral infections such as Listeria monocytogenes in the absence of CD4 T
cells, they cannot develop protective memory to a secondary challenge (Rahemtulla et al., 1991
and Janssen et al., 2003). CD4 help to CTLs is mediated in several ways. Firstly, CD4 T cells can
license dendritic cells (DCs) to present a cognate antigen to CTLs and activate them through the
upregulation of CD40 (Schoenberger et al., 1998 and Smith et al., 2004). Secondly, CD4 T cells
can recruit CTLs to the sites of infection by induction of local chemokine secretion (Nakanishi et
al.,, 2009). Lastly, cytokines secreted by activated CD4 T cells, especially IL-2 and IFN-y, are
important for survival and proliferation of CTLs (although when CTLs get activated, they can
produce IFN-y in an autocrine manner as well) (Buhlmann et al., 1999, Kumaraguru et al., 2005
and Tewari et al., 2007).

How are CD4 T cells instructed which function to perform? Antigen presenting cells
(APCs) and especially Dendritic cells (DCs) can sense which pathogen has infiltrated through a
combination of Toll-like receptors (TLRs) , and respond accordingly by instructing T cells how to

respond during priming by secreting appropriate cytokines (Zhu et al., 2008). For example, DCs



can secrete IL-12 and thus cause effector CD4 T cells to secrete IFN-y, and promote the cellular
arm of the immune response. There is evidence that the same TCR clone can produce different
types of effector cells (Tubo et al., 2013). Th response was also shown to be dependent on
infectious dose and duration of exposure to antigen (Rogers et al., 1999). For example, Trichuris
muris infection at low doses (40 eggs) causes chronic Type | response , whereas high doses (400
eggs) elicit a strong Th2 response that leads to parasite expulsion by day 21 post-infection
(Klememtowicz et al., 2012). Similarly, mycobacterial immunization is also dependent on dose:
whereas a small dose leads to a Th1 response, a large dose elicits a Th2 response (Power et al.,
1998).

CDA4 T cells orchestrate the immune responses to different pathogens from intracellular
bacteria and eukaryotes to viruses and helminths. This myriad of functions and response
abilities against different pathogens has always raised the question whether they are a
heterogeneous population and how they can be subset into different populations based on

their effector functions.

1.2 CDA T effector cells and their subsets.

1.2.1 The Th1/Th2 dogma- a historical perspective

Since the discovery of T cells, scientists have strived to explain their multitude of
functions by dividing them into particular groups. The first important subdivision of T cells was
due to the notion that some cells help the humoral response (T helper cells, which express the

surface antigens CD4 and CD5 (originally Ly-4 and Ly-1), while others have cytotoxic functions



(CTLs), which express the surface antigen CD8 (originally Ly-2 and Ly-3) (Cantor et al. 1975 and
Kisielow et al., 1975). However, even within the T helper cells, immunologists noticed a division
of labor between cells that are responsible for cell-mediated immunity which led to delayed-
type hypersensitivity (DTH) and cells that are responsible for helping the humoral response
(Liew et al., 1974). Other evidence suggested that one type of T helper cells can help B Cells
respond to a specific hapten, whereas another type does not produce a response to the hapten,
but responds to other determinants in an antigen-independent manner (Marrack et al., 1975).

Interestingly, the first distinction between Th cell subtypes, as well as their naming, was
based on their ability to bind to nylon wool columns (Tada et al, 1978). Tada et al. noticed that
the nylon purified cells, which they called Type | helper T cells (Th1) did not need to bind Ia
antigen (MHC Class Il) to augment the antibody response, whereas the nylon adherent cells
(Th2) bound MHCII and were able to augment the antibody response to unrelated antigens.
Even though Tada et al. do not provide an explanation to the difference in adherence to the
nylon wool, | speculate that the cells that they call “Th2” were tightly bound to MHC Class Il on
the surface of B cells, thus adhering to the nylon wool and being able to elicit a response to
non-cognate antigens.

The formal demonstration that T helper cells come in two different flavors arose from a
seminal paper by Mosmann and Coffman in 1986. This paper was also the first one that
classified T helper cells by the cytokines they produce, a notion that is largely followed to this
day, even amongst other immune cell types such as innate lymphoid cells (ILCs), y6 T cells and
natural killer T cells (NKTs). Mosmann et al. (1986) isolated different T cell clones and checked

their cytokine (then known as lymphokine) secretion profile by using cell lines that were



responsive to only one or a few cytokines. They found that Thl cells produced Interferon-
gamma, IL-2 and GM-CSF, whereas Th2 cells produced B cell-stimulating factor-1 (BSF-1, now
known as IL-4). They were also able to show that Th2 cells, but not Thl cells cause B cells to
undergo class switching to IgE and IgG1. Thls were later shown to induce class switching to
IgG2a (Stevens et al., 1988). Later, they showed that Th1 cells are the key players for delayed-
type hypersensitivity through cell-mediated immunity, whereas Th2 cells help other adaptive
and innate immune cells such as B cells, mast cells or eosinophils to mount humoral Ab
responses or immediate hypersensitivity (Cher et al., 1987).

At the same time (both manuscripts came out in different journals on April 1*), Arthur
et al. (1986) detected heterogeneity in rat CD4+ leukocytes by using an antibody to CD45RC
(OX-22). They observed that OX-22+ cells produced IL-2 in response to a T cell mitogen, while
0OX-22- cells produced very little IL-2 but provided help to B cells. They correctly concluded that
“helper T cells comprise two functional subsets: one that, on appropriate stimulation,
synthesizes high levels of IL-2, and may therefore be presumed to play an important role in cell-
mediated immunity, and another that plays an essential role in humoral responses to soluble
antigens” (Arthur et al., 1986).

An open question remained- what cues determine whether a naive CD4 T cell becomes
Th1 or Th2? Firstly, two groups found that cytokines produced by Th1 and Th2 cells can inhibit
the other cell type and enhance their own proliferation in an autocrine fashion, thus efficiently
regulating each other’s activity. Gajewski et al. (1988) reported that IFN-y had an anti-
proliferative effect on several Th2 clones, while Fernandez-Botran et al. (1988) showed that IL-4

is proliferative for both cell types, but more so for Th2s. Secondly, several groups identified key



upstream cytokines that regulate Th differentiation. Hsieh et al. (1993) showed that IL-12
produced by macrophages was required for Thl polarization in a model of Listeria
monocytogenes infection, while Seder et al. (1992) showed that IL-4 presence during Th priming
polarizes the cells to a Th2 phenotype. Both cell types required TCR-MHC Il engagement for
differentiation. Later, IL-18 was shown to synergize with IL-12 in an antigen independent
manner to induce IFN-y production (Yang et al., 1999). Thirdly, molecular effectors of the
polarizing cytokines were identified. IL-12 was shown to exert its Thl-polarization through the
phosphorylation of Stat4, while IL-4 was shown to signal through Stat6 (Jacobson et al., 1995;
Takeda et al., 1996; Kaplan et al., 1996; Shimoda et al.,, 1996). Finally, “master regulator”
transcription factors that regulate Th1 or Th2 polarization were discovered. The transcription
factor Gata3 has been shown to be necessary and sufficient of Th2 cytokine gene expression,
while the transcription factor T-bet was shown to upregulate IFN-y and downregulate IL-4
(Zheng W. et al., 1997; Szabo et al., 2000). At that point, the field moved to subsetting Th cells
not only by their cytokine expression or secretion profile but also by their expression of the key
transcription factors T-bet and Gata3 (and later on, RORyt).

The notion of Th1/Th2 categorization was widely accepted by immunologists, as they
always like to classify cells into categories (see Discussion). Thl cells were considered to be
involved mainly in monocyte and CTL activation (Metchnikoff’s cellular immunity), whereas Th2
cells were thought to help B cell antibody production (humoral immunity) (Romagnani, 1996). It
was also widely accepted that certain infectious agents polarize T helper cells into either the
Th1l lineage (intracellular bacteria such as Listeria, Leishmania and Salmonella as well as

parasitic eukaryotes such as Toxoplasma gondii) or the Th2 lineage (helminths such as Trichuris



muris, Nippostrongylus brasiliensis and Heligmosomoides polygyrus) depending on the cytokine
milieu during priming by APCs (Locksley, 1994 and Bottomly, 1988).

These observations led to the re-examination of many autoimmune and infectious
diseases (Liew, 2002). Thl cells were associated with DTH and auto-immune diseases such as
Type | diabetes, multiple sclerosis and Hashimotho’s thyroiditis, as well as graft -versus-host-
disease (GVHD), whereas Th2 were associated with allergic disorders and various atopic
disorders (Romagnani, 1996). The largely oversimplified notion that Thls are involved in tissue
damage, whereas Th2 cells are involved in tissue repair and wound healing appeared (Sandler
et al.,, 2003). This was partially due to the Th1/Th2 model infiltrating the myeloid field,
establishing M1 (Thl-activated, inflammatory) and M2 (Th2-activated, suppressive)
macrophages, a division that is largely not accepted today (Mills et al., 2000 and Gordon, 2003).

Interestingly, the Th1/Th2 model had survived unrevised for almost 20 years. Perhaps
new promising therapies that utilized the basic premise of the Th1/Th2 dogma such as anti-
TNF-a for treatment of rheumatoid arthritis and Crohn’s disease or anti-IL-4 for treatment of
asthma and dermatitis convinced immunologists that there is some truth to this model.

1.2.2 Th17 cells- a revision of the Th1/Th2 hypothesis?

Problems with the Th1/Th2 dogma arose when several groups, thinking that tissue
damage is controlled by Th1s, tried to see if administering or blocking gamma-interferon would,
respectively, worsen or ameliorate Experimental Autoimmune Encephalomeylitis (EAE) (Billiau
et al., 1988 and Ferber et al, 1996). To their surprise, IFN-y depletion or genetic knockouts of
Ifng or Tnf worsened EAE, while administration of either IFN-y or TNF-a protected from the

disease. This led to the first revision of the Th1/Th2 hypothesis in the early 2000s, when several



seminal papers showed that autoimmune inflammation is orchestrated by IL-23, rather than IL-
12, and that IL-23 expanded a T cell subset that secreted IL-17. Cua et al. (2003) showed that IL-
237 mice were resistant to EAE, while IL-127 mice, lacking a cytokine that drives Thl
differentation, were more susceptible to EAE, suggesting a central role for IL-23 in autoimmune
T cell mediated inflammation. Interestingly, this group still adhered to the Th1/Th2 model and
hypothesized that IL-23 is mainly required for Th1 priming by APCs which allowed persistence
of chronic inflammation, rather than having a direct effect on a novel T cell subset. Around the
same time, Austin Gurney’s group in Genentech published a manuscript based on in vitro
studies that stated “IL-23 can promote an activation state with features distinct from the well
characterized Th1l and Th2 profiles.” (Aggarwal et al., 2003). Furthermore, the same group
correctly identified IL-17 producing CD4 T cells as downstream targets of IL-23 produced by
activated DCs. The Th1/Th2 dogma became Th1/Th2/Th17 dogma when Langrish et al. (2005)
showed that naive CD4 T cells can be stimulated in vitro and polarized towards a Thl phenotype
if rll-12 is added to the media, whereas they could be polarized to Th;_;7 phenotype if rll-23 was
added. The in vitro stimulated Thl or Th,_;; were then adoptively transferred to naive recipient
mice and although both were able to infiltrate the brain (as these were TCR-transgenic), only
Thy17 cells were able to induce EAE. These data strongly suggested that a newly identified IL-17
producing T cell type, and not Th1l cells, were responsible for autoimmune inflammation (at
least in the context of EAE).

Just like with the Thi1s/Th2s, many groups noticed reciprocal interactions between
Interferon-gamma and IL-17. For example, addition of Interferon-gamma and IL-4 to in vitro

stimulated CD4 T cells decreased the production of 1I-17 (Park et al., 2005). These data

10



suggested that Thls, Th2s and Th17s are unique and opposite states, which provide each other
feedback until they reach equilibrium. Th17s were also found to be reciprocal with regulatory T
cells (Tregs), as Bettelli et al. (2006) showed that in vitro stimulation of CD4 T cells with TGF- B
(which was previously thought to be anti-inflammatory) together with II-6 differentiates them
into Th17s, while stimulation with TGF-B alone generates FOXP3+ Tregs. Interestingly, they
showed that the combination of TGF- B and IL-6 is @ more potent Th17 inducer than IL-23, the
context in which Th17 were first discovered. This, of course, raised the question of how TGF- B
can cause such different outcomes, as Treg and Th17 differentiation. Mucida et al. (2007) and
Xiao et al. (2008) showed that the vitamin A metabolite Retinoic Acid (RA) can inhibit the IL-6-
mediated induction of proinflammatory Th17 cells and thus regulate the balance between Tregs
and Th17s. An alternative pathway to generate Th17s was discovered when IL-6 was knocked
out and Tregs deleted (Korn et al., 2007). In that context IL-21 cooperated with TGF-f to induce
Th17sin IL-67 mice through the IL21-receptor (IL21R).

Soon after, just like with Thl and Th2 cells, the transcription factor driving Th1l7
differentiation and function was found to be retinoic orphan receptor gammat (RORyt) (lvanov
et al.,, 2006). Rorc-/- mice were less susceptible to EAE and lacked tissue-infiltrating Th17s.
Interferon-regulatory factor 4 (IRF4), which has been shown to be essential for development of
Th2 cells, has also been shown to be essential for Th17 differentiation and EAE pathology.
Th17s can come in different flavors. When differentiated in vitro with IL-23 rather than just
TGF-B1 and IL-6, Th17 cells become highly pathogenic, expressing T-bet and effector molecules
such as GZMB, CCL4, CCL5 and GM-CSF (Lee et al., 2012). This is due to the induction of TGF-B3

in Th17 cells by IL-23, which then in an autocrine manner become pathogenic. Krausgruber et

11



al. (2016) also showed that Th17s in transfer colitis models can assume different states, some
more pathogenic than others. However, they demonstrate that T-bet is not essential for
pathogenicity of Th17s, but is important for modulation and multifunctionality of the IL-23-
driven inflammatory response (Krausgruber et al., 2016).

Ciofani et al. (2012) used a combination of techniques such as ChIP-Seq of transcription
factors and bulk RNA-Seq to model the transcriptional network in Th17 cells. They created a
differentiation model in which upon Th17 cytokine stimulation RORyt, c-Maf and Stat3 are
recruited to sites that are occupied by Irf4 and Batf upon TCR activation. This suggests that
cytokine signaling and TCR signaling cooperate to drive cells into particular T helper
phenotypes. Ciofani et al. (2012) also identified the transcription factors Bcl11b, Etv6, and
Jmjd3 as positive regulators of Th17 differentiation, and Fos/2 as a negative regulator of IL-17A
production.

Yosef et al. (2013) measured transcriptional profiles of Th17 cells at 18 time points
during the course of 72 hours and built a similar model. They identified 1291 genes that were
differentially expressed during Th17 differentiation and clustered them into 20 modules. They
could then identify which gene module corresponded to each time point and build an
interaction network of Th17 differentiation. They could also identify and validate (by siRNA
knockdown) several regulators of Th17 differentiation such as Mina, Fas and Pou2af1, which
are positive regulators, as well as the negative regulator Tsc22d3. Both of these papers
established the intricate transcription factor network in Th17s, which is not only dependent on

RORyt.
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In the last decade the Th17 field has picked up a lot of steam (Figure 1.1), and Th17s
have been shown to be involved in almost every disease, both auto-immune and cancer (Patel
et al., 2015). For example, single nucleotide polymorphisms (SNPs) in IL23R are associated with
strong protection against Crohn’s disease (Duerr et al., 2006). Conversely, IL23R and two other
genes involved in the IL-23 signaling pathway were shown to be associated with psoriasis (Nair
et al., 2009). Moreover, SNPs in the CCR6 locus are associated with increased risk to
rheumatoid arthritis (Stahl et al., 2010). Th17 were also found in human tumor tissues and were
shown to elicit protective inflammation that promotes activation of CTLs to eliminate the tumor

(Martin-Orozco et al., 2009).

Figure 1.1
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Figure 1.1 Number of PubMed articles by year associated with each “Th” type.

13



1.2.3 Tfh cells

At around the same time that Th17s were added to the Th1/Th2 paradigm, another T
cell subset was born- T follicular helper cells (Tfh). According to the Th1/Th2 paradigm, Th2
cells were thought to be responsible for B cell help, mainly because they produced IL-4, which
stimulated B cell proliferation and cell growth (Mossman et al., 1986 and Chtanova et al., 2004).
However, the loss of IL-4 in knockout mouse models had no effect on germinal center
formation, suggesting that additional cell types and cytokines might play a role in T cell help to
B cells other than Th2 cells (Kopf et al., 1995).

Tfh cells were discovered due to the expression of CXCR5 on a subset of human
peripheral blood CD4 T cells; As CXCR5 was known to be required for the formation of B cell
follicles, Breitfeld et al. (2000) correctly hypothesized and subsequently showed that these cells
were responsible for B cell follicle formation. Tfh cells were also found to express the surface
markers PD1, ICOS, CD40L, CD200 and BTLA and secrete IL-21 (Chtanova et al.,, 2004 and
Johnston et al., 2009). As with the other Th subtypes, a “master” transcription factor, Bcl6, was
identified to be important in their differentiation (Chtanova et al., 2004 and Nurieva et al.,
2009). Moreover, Bcl6 overexpression with a retroviral vector was sufficient to polarize naive
TCR transgenic T cells into the Tfh lineage in vivo (Johnston et al. ,2009). Interestingly, Bcl6
shuts down all reciprocal Th programs by downregulating Blimp-1, which is associated with
other Th programs, as well as other Th cytokines such as IFN-y (Johnston et al., 2009).

Tfh cells differentiation is driven by TCR signaling as well as IL-6 or IL-21 (Crotty, 2014
and Nurieva et al., 2009). ICOS signaling is important for Tfh development as well, as loss of

ICOS inhibitors, Roquinl and Roquin2 results in spontaneous Tfh development (Pratama et al.,
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2013). As is the case with the other Th subsets, cytokines that drive other subsets, such as IL-2,
are inhibitory to Tfh (Johnston et al., 2012). These factors elicit Bcl6 expression, which causes
the transcription of Cxcr5 and the downregulation of Ccr7. These changes in chemokine
receptors allow Tfhs to migrate to the T-B zone border in the germinal center (Crotty, 2014).
There, Tfh cells closely interact with follicular B cells which present antigen to them, and drive
the somatic hypermutation and class switching of follicular B cells by secreting CXCL-13, IL-21
and IL-4. Interestingly, Reinhardt et al. (2009) showed that Tfh cells and not Th2 cells are, in
fact, the major source of IL-4 in lymphoid tissues. IL-4 in Th2 cells and Tfh cells is regulated
differently; whereas GATA3 controls its expression in Th2 cells, SAP and PKCB control it in Tfh
cells (Yusuf et al., 2010). Thus, the T helper subsets have been revised yet again to include Tfh
cells. Since then, Th1/Th2/Th17/Tfh became the dominant T helper subsets dogma in the
current decade (Fig. 1.2).

1.2.4 Th22 and Th9 cells

Th22 and Th9 cells (secreting IL-22 and IL-9, respectively) have been previously
described but their existence as a bona fide T helper cell subtype rather than a cell state is more
controversial than the “classic” Th subsets. Th22 cells have been first described in human skin
memory CD4 T cells (Duhen et al.,, 2009). Even though the pro-inflammatory IL-22 was
previously thought to be a signature cytokine of the Th17 lineage (Liang et al., 2006), Duhen et
al. (2009) found many cells that expressed //122 but did not express //17a and Rorc or any other
signature cytokines of other lineages such as IFN-y. Thus Th22 cells were born. Th22 cells can be
differentiated in vivo by adding IL-6 to the culture, while addition of TGF-B to IL-6 polarizes

them towards the Th17 phenotype (Zheng et al., 2007).
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Figure 1.2
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Figure 1.2: The current model of Th subsets (Adapted from Yu et al. 2012)

IL-22 acts mainly on nonhematopoietic tissue cells at barrier surfaces, where it triggers

the production of antimicrobial peptides and enhances cell differentiation and survival (Kara et

al., 2014). Recently, it has even been shown to protect intestinal stem cells against genotoxic

stress (Gronke et al., 2019). Therefore, IL-22 plays an important role in control of bacterial

infections such as K. pneumoniae and C. rodentium (Auijila et al., 2008 and Zheng et al., 2008).
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However, many reports suggest that in mice IL-22 is restricted to the Th17 lineage in
vivo (Kara et al., 2014). Furthermore, even though Aryl-hydrocarbon receptor (Ahr) regulates
production of IL-22 from Th22, Ahr is also highly expressed and is functionally important in
Th17 cells (Veldhoen et al., 2008). Lastly, Th22 cells share many functions such as induction of
anti-microbial peptides and mucus with other Th17-derived cytokines. Recently, it was reported
using dual I1L-22/1L-17A reporter mice that some Th22 cells (that were differentiated in a novel
assay) have never expressed IL-17A, suggesting that these are, indeed, separate subsets (Plank
et al., 2017). Thus, it is unclear if Th22 are a real Th subset or just a state of Th17 cells.

Th9, as the name suggests, produce IL-9, one of the most understudied cytokines in T
cells. At first, IL-9 was discovered in the context of Th2-mediated responses, as it expanded Th2
cells and protected mice against helminth infections (Gessner et al., 1993 and Faulkner et al.,
1998). However, Vijay Kuchroo’s and Brigitta Stockinger’s group both found that in vitro culture
of T cells with IL-4 and TGF-b produces T cells that secrete IL-9 and IL-10 (an anti-inflammatory
cytokine) (Dardalhon et al., 2008 and Veldhoen et al., 2008). These cells were able to induce
colitis and neuritis upon transfer, suggesting an inflammatory phenotype despite the
production of IL-10. Licona-Limon et al. (2013) showed that IL-9 producing CD4 T cells protect
against helminth infection and caused more potent responses than Th2 that led to helminth
expulsion, and increase in mast cells and basophils. Th9 cells require the transcription factor
PU.1 (Chang et al., 2010). There is a debate in the field whether Th9 cells are a bona fide Th
subset or an auxiliary arm of the Th2 response (Kara et al., 2014). Recently, Micosse’ et al

(2019) have reported that in humans IL-9 producing cells are a subpopulation of Th2 cells that
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transiently upregulate the transcription factor peroxisome proliferator-activated receptor-y

(PPAR-y).

1.3 CD4 T cells classification according to their antigen experience and homing capacity

At around the same time as the Th1/Th2 dogma started developing, several labs have
also found that CD4 T cells can also be classified not only by their cytokine production potential,
but also according to their antigen experience, responsiveness to restimulation, as well as
homing capacity. Memory T cells are generated from a small subset of effector cells after
infection resolution, and are ready to respond to their cognate antigen upon secondary
encounter. Whereas naive T cells usually require TCR stimulation as well as co-stimulatory
signals to get activated, memory T cells are activated and can produce cytokines rapidly upon
antigenic restimulation (Mackay et al., 1990). Additionally, memory T cells express more
adhesion molecules such as CD2, CD44 and LFA-1 that facilitate cell-cell interactions and
migration (Sanders et al., 1988 and MacDonald et al. 1990). In humans, memory T cells express
an isoform of CD45, CD45R0, whereas naive cells express CD45RA (Akbar et al., 1988).

A further subdivision of memory cells is into central memory and effector memory. In
humans, CCR7, a chemokine receptor that directs T cells to lymph nodes, divides memory cells
into effector memory (CCR7-) and central memory (CCR7+) (Sallusto et. al, 1999). T effector
memory cells maintain their effector status and can respond very rapidly to pathogens,
whereas T central memory cells reside in the secondary lymphoid organs and can only acquire

effector activity slowly upon restimulation.
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An additional subset of cells is the tissue resident memory population (T;), which unlike
T central memory or effector memory cells, do not recirculate but stay in the non-lymphoid
tissues (Schenkel et al., 2014). It is thought that they arise from circulating naive cells that
encounter an antigen in the secondary lymphoid organs and downregulate the transcription
factor kruppel-like factor 2 (KLF2), a positive regulator of sphingosinge-1 phosphate receptor 1
(S1PR1). S1PR1 is a recirculation cue and its downregulation prevents T cells from going to the
blood stream (Schwab et al., 2007). The naive cells thus acquire an effector phenotype and can
migrate to the site of infection. Effector cells then acquire the C-type lectin CD69 as well as the
integrin CD103 in the tissues. After the infection clearance a small number of memory cells
remain seeded in the tissue long-term to provide memory in case of re-infection (Schenkel et
al.,2014). Parabiosis studies showed that these cells do not recirculate and are not in

equilibrium with circulating lymphocytes (lijima et al., 2014).

1.4 CDA T cells in the gut and their role in infection

The intestine is one of the largest barrier surfaces in the body, harboring 10" bacteria,
fungi, viruses and encountering dietary and other ingested antigens (Shale et al., 2014). Many
immune cells, including a large population of CD4 T cells, reside there and are constantly
challenged with antigens. It is their function to maintain the immune homeostasis in the
intestine. CD4 T cells are important in responding to enteric infections, but can also be
responsible for inflammatory bowel disease (IBD) if they react towards self-antigens or

symbiotic bacteria.
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T cells in the intestine can be classified according to their localization; The first group,
intraepithelial lymphocytes (IELs) are located between enterocytes and thus are in immediate
proximity to antigens in the intestinal lumen (Ma et al., 2019). IELs consist mostly of y6 T cells
and CD8+ (especially CD8aa) rather than CD4+ T cells. In contrast, the second group resides in
the lamina propria (LP), the connective tissue beneath the epithelium. Most of the T cells there
are CD4 T cells, and they will be the focus of this study.

Naive T cells migrate to the gut-associated lymphoid tissues (GALT) such as the
mesenteric lymph nodes or Peyer’s patches through the circulation and are then primed by
APCs. Upon priming T cells acquire the ability to migrate to the LP through upregulation of
adhesion molecules such as Integrin a4Bf7 (LPAM-1) or a4B1 (VLA-1) as well as various
chemokine receptors, most notably CCR9 for the small intestine (Masopust et al., 2010 and
Kunkel et al., 2000).

T effector cells further differentiate in the gut upon encounter with antigens, especially
microbial antigens, evidenced by the fact that Germ-Free (GF) mice have fewer IFN-y and IL-17
producing cells in their intestines (Niess et al., 2008). Intestinal T cells in homeostasis tend to be
determined by the composition and properties of the microbiome. in mice Th17 differentiation
was found to be mainly driven by adhesion of microbes, such as segmented filamentous
bacteria (SFB) and others, to the intestinal epithelial walls (Ilvanov et al., 2008 and Atarashi et
al., 2015). Thl cells can be induced by intracellular bacteria such as strains of Klebsiella
(Atarashi et al., 2017). Th2 cells tend to be induced upon encounter with parasites such as
helminths, as mice from colonies without parasitic infection tend to have very few Th2 cells

(Maynard et al., 2009).
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There are many excellent mouse T cell models for gut infection. Salmonella enterica
serovar typhimurium is a good model for Type | immunity. Usually, wild-type mice succumb to
Salmonella typhimurium infection, so attenuated strains such as AroAA are used (Hoiseth et al.,
1981). This strain is auxotrophic for aromatic amino acids, which are not found in the host, and
thus does not replicate as rapidly as the wild-type Salmonella. However, TCR a3 deficient and
MHC class-II deficient (which do not harbor CD4 T cells) but not MHC class-I deficient mice
(which do not harbor CD8 T cells) still succumb to infection, suggesting that CD4 T cells are
crucial for control of infection (Hess et al., 1996 and Ravindran et al., 2005). Specifically,
Salmonella infection resolution is dependent on CD4 T cells secreting IFN-y (Hess et al, 1996).

Citrobacter rodentium infection is a useful model to study the role of Th17s in enteric
infection. Citrobacter rodentium infection is similar to enteropathogenic Escherichia coli
infection in humans. Infection is usually resolved in wild-type mice within 21 days of infection,
with the T cell response peaking at days 12-14 (Mundy et al., 2005). As with Salmonella
infection, CD4 T cells are the major players in infection clearance, as cD4” but not CD8”" cannot
clear infection (Simmons et al., 2003). That said, other cells such as B cells, ILCs and y6 T cells
play important roles in infection resolution (Collins et al., 2014). Citrobacter rodentium elicits a
strong Th17 response one week after infection, leading to increased epithelial barrier integrity
via the cytokines IL-17A, IL-17F and IL-22 (Mangan et al., 2006 and Zheng et al., 2008). Although
Citrobacter rodentium elicits a strong Type lll response, Type | response plays a role in infection
resolution as well, as IFN-y-null mice have a compromised ability to limit the systemic

dissemination of the bacteria (Simmons et al., 2002).
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Nippostrongylus brasiliensis and Heligmosomoides polygyrus are helminths that serve as
useful models for studying Type Il responses in the gut (Camberis et al. ,2003). Nippostrongylus
brasiliensis has a very convoluted life cycle. It infects the host cutaneously, from where the
larvae migrate to the blood, and then settle in the lung. The larvae molt in the lung and migrate
through the trachea to the intestine, where they molt again and reach adulthood.
Nippostrongylus brasiliensis elicits a very strong intestinal Th2 response 7 to 13 days post
infection, and via IL-4 induces IgE production 15-fold (Le Gros et al., 1996). IL-13 has been
shown to be important for worm explusion as well (Urban et al., 1998). Conversely,
Heligmosomoides polygyrus infects mice by direct ingestion, but just like N. brasiliensis it is a
strong Th2 inducer and its explusion is dependent on CD4 T cells production of IL-4 and IL-13

(Urban et al., 1991).

1.5 Th heterogeneity and plasticity

The notion that Th states are terminally differentiated lineages was based on many
observations listed above. Long term in vitro polarized Thl and Th2 cells did not reverse their
phenotype when restimulated with IL-4 or IL-12, respectively (although some conversion was
noticed from a shorter, 1 week stimulation) (Murphy et al., 1996). Even though early studies
have postulated mutually exclusive Thl, Th2, Th17 and Tfh programs, and this is still largely the
current dogma, some evidence to the contrary emerged. Already in the early days of the
Th1/Th2 model, Kelso et al. (1988) reported several IL-4 producing T cell clones that were also
producing gamma interferon. However, they were considered either an artifact or a precursor

to Th1/Th2 (in a similar way to CD4+CD8+ double positive cells in the thymus that give rise to
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CD4+ or CD8+ cells). Thus, Firestein et al. (1989) proposed that in addition to Thls and Th2s
there should be another CD4+ T cell subset with unrestricted pattern of cytokine production,
which they called ThO. Heterogeneity was also observed on a single cell level by using
immunofluorescence microscopy, when some cells stained for both IL-4 and IFN-y even after IL-
12 was added (Openshaw et al., 1995). Very soon after Th17 cells were characterized, some of
them were found to express Thl cytokines or markers (Zielinski et al. ,2014 and Duhen et al.,
2014). In humans, Th17 cells were shown to produce both IL-17A and IL-4 (Cosmi et al., 2010).
Plasticity, the ability to go from one cell state to another, between Th cell types has
been shown as well. One of the first papers describing it in T cells showed that influenza
hemagglutinin (HA)-specific memory CD4 T cells could mount either Thl or Th2 responses
depending on the recall stimulus (Ahmadzadeh et al., 2002). More recently, Hegazy et al. (2010)
showed that lymphocytic choriomeningitis virus (LCMV) infection could reprogram committed
Th2 cells to adopt a stable double positive GATA3+T-bet+ IL-4+ IFN- y+ phenotype. Ex vivo
polarized Th1 and Th17 cells can be converted into IL-4-producing Th2 cells in vivo by infection
of mice with Nippostrongylus brasiliensis. Th17 cells tend to have even more plasticity than Thl
or Th2 cells. For example, fate mapping experiments showed that IL17A-producing cells in
chronic infection such as EAE switch to alternative cytokines such as IFN-y and TNF-a at a late
stage of infection (Hirota et al., 2011). Another group has shown that IFN-y and IL-12 can
synergize to convert in vivo generated Th17 cells into dual expressors of T-bet and RORyt
(Lexberg et al., 2010). In humans, Duhen et al. (2014) identified CCR6'CXCR3" Th1/17 cells

pathogenic cells that are driven by IL-1B and IL-12. This plasticity of Th17 cells was attributed to
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epigenetic instability of cis-regulatory elements in key cytokine and transcription factor loci
(Mukasa et al., 2010).

Th17 and Tregs can also convert to each other as their differentiation pathways are
related. iTregs that are stimulated with TGF-p together with IL-6 alone or with IL-1 and IL-23 can
downregulate FOXP3 and increase production of IL-17 (Yang et al., 2008). Th17s also have the
ability to transdifferentiate into IL-10 producing T regulatory type | (Tr1) cells upon resolution of
inflammation in a TGF-B1-dependent manner (Gagliani et al., 2015). They have also been shown
to convert to Tfh cells in Peyer’s patches, where they induced germinal centers formation and
development of IgA responses (Hirota et al.,, 2013). Interestingly, Th17-deficient mice had
impaired antigen-specific IgA following immunization. Conversely, Tfh cells have been shown to
express some T-bet and IFN-y in the context of viral infection (Johnston et al., 2009).

Kenneth Murphy and Brigitta Stockinger have proposed a model which can partially
explain plasticity (Murphy and Stockinger, 2010). In their model, unstable T helper states such
as iTregs can become more stable upon stimulation with certain cytokines. This model can
explain why iTregs can become Th17 and Th17s can become Thls, but not the Th1-Th2 double
positive cells (Hegazy et al., 2010). Taken together, these data suggest that perhaps Th subsets
are plastic and are not truly different cell types, but rather transient states of cells responding

to antigen stimulation via certain cytokines.

1.6 Transcriptional profiling of different Th subsets

With the advent of Affymetrix gene arrays it became possible to perform full

transcriptional profiling of various CD4 T cell subsets and compare them transcriptionally. The
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first study to use this powerful technology in CD4 T cells compared resting versus superantigen-
activated CD4 T cells in vivo (Teague et al., 1999). They found that T cell activation did not
change the diversity of expression (number of expressed genes), but rather that the expression
of only less than 300 genes was altered (143 increased and 139 decreased 8 hours after
activation). Amongst the genes that increased upon activation were Cxcr5, Tnfrsf4 (0OX40),
Ctla4, Ly6e, Gzma and Gzmb, whereas the cytokine receptors /l4ra,ll7r,ll6, the Kruppel-like
transcription factors KIf2, KIf3, Klf4, the AP1 complex components Jun, Junb and Fosb , as well
as other genes such as, Tsc22d1, Zfp36 and Itgae all decreased upon activation. Interestingly,
cell cycle genes as well as genes encoding calcium binding proteins such as S100 proteins and
Calmodulin were upregulated only 48 hours rather than 8 hours after activation.

The first paper to attempt to transcriptionally profile Th subsets used an Affymetrix
oligonucleotide array and compared in vitro polarized human Th1 and Th2 (the only Th subsets
known at the time) (Rogge et al., 2000). They found 215 genes that were differentially
expressed with a fold change of at least 2. As expected, IFNG, IL12RB2 (coding for IL12
receptor) and /IL18R1 (coding for IL18 receptor) were all over-expressed in Th1l cells (though not
TBX21 (coding for T-BET), as perhaps the probe was not included in the array at the time). They
found that Thl cells were enriched for cytotoxic and apoptosis-inducing genes such as PRF1
(perforin), GZMB (granzyme B) and TNFSF10 (TRAIL), as well as the chemokines CCL3, CCL4.
However, this study was skewed towards Th1 signature, as most of the differentially expressed
genes that were identified were overexpressed in Thls. Th2 genes were not well represented,
as even though GATA3 was overexpressed in Th2 cells, /L4, IL5 and /L13 were not. Chtanova et

al. (2001) utilized a similar microarray approach to compare in vitro polarized murine Thl and

25



Th2 cells but were able to obtain more highly polarized murine Th2 cells and thus able to
identify more Th2 signature genes (overall around 100 differentially expressed). Notably, both
of these papers identified /tgb7 (a component of both LPAM-1 and CD103, both important in
homing to intestinal sites) as upregulated in Th2 cells, though Itga4 (its partner in LPAM-1) was
found to be upregulated in Th1 cells. Overall, many of the differentially expressed genes from
these two studies did not agree with each other, probably because conditions in vitro were
variable and the populations were not sorted with the same strategy (in fact, both groups used
negative selection to isolate CD4 T cells, which likely introduced some contamination). It is also
possible that murine and human cells express different genes in in vitro cultures.

The Flavell group subsequently published a kinetic study of in vitro Thl and Th2
differentiation 1,2,3 or 4 days after differentiation (Lu et al., 2004). They found around 300
differentially expressed genes: chemokine receptors, such as Ccr5 in Th1 cells and Ccr4 and Ccr8
in Th2s. Thls also expressed Ccl3, Ccl4, Ccl5, Lta and Ccl9, whereas Th2 cells expressed higher
Ccl1 and Cxcl2. As previously mentioned, the Littman and Kuchroo labs transcriptionally profiled
Th17 cells in an exhaustive manner and built a transcriptional network of Th17 differentiation
(Ciofani et al., 2012 and Yosef et al., 2012).

Single cell technology RNA-seq enabled immunologists to look at transcription at a
single cell level, and some of the first cells to be profiled by this technology were, indeed T cells.
Gaublomme et al. (2015) profiled 976 in vitro differentiated Th17 cells or in vivo EAE Th17s
from the peak of disease. They classified five different subpopulations of Th17s from the CNS
and draining lymph nodes of EAE mice: self-renewing, Th17/pre-Thl effector, Th17/Th1-like

effector, Th17/Th1-like memory and Th17 dysfunctional/senescent. In vitro generated Th17s
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showed varying degrees of pathogenicity depending on their polarization conditions.
Additionally, they identified the genes Toso, Gpr65 and Plzp to be implicated in Th1l7
pathogenicity. Importantly, they established that these “Th17 cell states” were on a continuum,
rather than discrete states. This study was the first single cell RNA-seq analysis of T cells, but
with a few caveats, as the five different in vivo Th17 clusters were based on limited signatures
and were not actually experimentally shown to be separate subsets.

Another Single cell RNA-Seq study was conducted on Th2 cells from mesenteric and
mediastinal lymph nodes of Nippostrongylus brasiliensis infected mice (Proserpio et al., 2016).
Their conclusions were that differentiated, cytokine-producing cells cycle faster than early
activated cells, and thus activation causes acceleration of proliferation and differentiation. Last
year, a large single-cell study of a novel subset of human CD4 cytotoxic lymphocyte has been
published (Patil et al.,2018). This subset was found to express many cytotoxic genes such as
GZMB, PRF1 and NKG?7.

The notion that T helper cells fall into discrete states has prevailed for over 30 years.
However, as | show in this introduction, this notion has some flaws. First, there are many
reports describing cells that non-exclusively produce different “Th signature” transcription
factors and cytokines. Second, plasticity between different Th subsets was demonstrated
almost across all subtypes. Third, most high-throughput transcriptional studies to phenotype Th
subsets were largely done in vitro, and perhaps did not capture al the states Th cells can acquire
in vivo. To date, no study has directly compared T effector responses to different “Th”-
inducing pathogens in vivo. Thus, we attempted to look at the phenotypic states of effector T

cells at steady state and during infection at single-cell resolution.
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2.1. Abstract

CD4" T effector cells (Teffs) are traditionally divided into several subsets that are defined
by the cytokines they produce. We attempted to look at their heterogeneity in an unbiased
manner by using scRNA-seq. Surprisingly, Teffs, with the exception of Th2 and Tfh, could not be
subdivided into parsable clusters, even when challenged with bacteria or helminths that induce
strong Teff responses. Th signature transcripts were continuously rather than discretely
distributed amongst the cells. We verified these conclusions with robust statistical tools that
showed non-discrete distributions of cells. Moreover, the infection type defines the Teff cells
more than the cytokine they produce, as IL17-and IFNg-producing cells were transcriptionally
more similar to one another than to cells producing the same cytokine from different
infections. We identified 16 gene modules that drive the heterogeneity within Teff cells in
steady state and upon infection. Lastly, we validated the scRNA-seq data by sorting cells from
different “poles” of the continuum and subjecting them to transcriptional and functional
analyses. Our data suggest that Th programs are not the major drivers of Teff heterogeneity,
and that Teff cells are not discrete, but rather continuous states. Thus, we propose with a

model of Th sates that is defined by quantum rather than discrete states.
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2.2 Introduction

CD4 effector T cells (Teff) are central regulators of both humoral and cellular immune
responses, orchestrating adaptive (antibodies, cytotoxic cells) and innate (macrophage)
immune responses to different pathogens, as well as repair of parenchymal tissues. This
diversity of functions is primarily rooted in the different cytokines produced by Teff cells. This
extraordinary swath of functions has always raised the issue of functional diversity, which was
documented by functional assays even prior to molecular identification of MHC molecules, the
TCR, or CD4 itself (Bottomly et al., 1986 and Mosmann et al., 1989). The key advance was the
demonstration that functional phenotypes in different T cell clones were keyed to the cytokines
they produce (Mosmann et al., 1986 and Killar et al., 1987), and the coining of the Th1/Th2
nomenclature. Thls secrete IFN-y and mainly support inflammatory and cytotoxic responses;
Th2 produce 1L4/5/13 and principally help B cells produce antibodies. This division has since
been revised multiple times to add more subsets such as IL17-A secreting Th1l7s, IL9 secreting
Th9s or follicular helpers (Tfh; Cua et al., 2003, Kopf et al., 2005, Dardalhon et al, 2008 and
Duhen et al., 2009). But the notion that T helper cells belong to discrete and largely stable
states that are defined by the cytokines they produce has perdured (Abbas et al. ,1996 and
O’Shea et al.,, 2010). Different types of infectious or allergic challenges preferentially elicit
different Th types (Th1 associated with intracellular pathogens; Th2 with helminth parasites,
Th17 with bacterial and fungal infections) which also have differential implications in immune-
mediated diseases (Zhu et al., 2008).

However, several observations have put this model into question. First, many reports
have documented that secretion of IFN-y, IL-4 or IL-17 is not always mutually exclusive
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(reviewed in Geginat et al., 2014 and Zhou et al., 2009). Second, many groups have shown
plasticity between Th subtypes, suggesting that these cell states are not as stable or as
terminally differentiated as originally inferred from Th clones grown in supra-physiological
concentrations of inducer cytokines (O’Shea et al., 2010). In addition, while some cell surface
markers could be used for identification of differentiated Th types, these were never
completely exclusive, meaning that the formal isolation of an in vivo-derived Th cell population
remained elusive.

Here, we thought it of value to revisit the spectrum of phenotypic states that effector T
cells can adopt, in the unbiased frame that single-cell RNAseq (scRNAseq) can allow
(Stubbington et al., 2017). We analysed T cells in the colon lamina propria (LP), a front-line
tissue constantly influenced by commensal microbes, and used different infectious agents
known to elicit distinctive Teff responses. In such a context, would it be possible to identify
discrete Thl, 2 or 17 populations? The results, to the contrary, indicate that [117- or IFN-y-
producing cells belong to a broad continuum of cell states, one primarily shaped by the
infectious context rather than by membership in any Th class.

2.3. Results
A continuum of effector phenotypes in colonic CD4+ effector cells

To probe the transcriptional landscape of CD4 T effector cells in an unbiased manner,
we performed single cell RNA sequencing on total CD4+ T cells from the colon LP of
conventionally-housed (SPF) C57BL/6 mice. Overall, two independent experiments were
performed with droplet-based technique (10X-Genomics), yielding 1782 and 3360 cells passing

QC, (Fig. S1A; Table S1A; here and below, datasets were analyzed individually, replicates serving
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to confirm conclusions). It was straightforward to parse, with KNN clustering and in the t-SNE
projection, cells from these datasets into four main groups of CD4+ T cells (Fig. 2.1A).
Regulatory T cells (Treg) and their Rorc+ and lkzf2+ (Helios) subsets were identified by
expression of Foxp3, Il2ra and lkzf2); among T conventional cells (Tconv), naive T cells (Sell- and
Ccr7-positive) and Teff cells (Cd44+, Sell-negative) were present in largely equal proportions.
These four groups matched those expected from flow cytometry of the input pool. A similar
dataset generated from germ-free mice showed a strong reduction of the Teff component (Fig.
S1B), indicating that Teff cells observed in conventional mice were elicited by continuous
challenge from the commensal microbiota. Given this project’s goals, we focused on and
reclustered the Teff population alone (Fig. 2.1B). Here, with the exception of cycling cells, we
could not identify in the t-SNE representation any clear partitions between cells, but rather a
guasi-continuous cloud. To search for distinctions corresponding to the major recognized Th
types, we generated a set of curated signatures, which included the key defining cytokines,
driving transcription factors, and other Th-associated genes (Table S1B). These signatures did
show biased distributions, albeit to varying degrees: Ifng, Tbx21 and other genes classically
associated with Th1l cells were spread widely, while equivalent representations of Th2 or Tfh
classes showed more polarized expression (Fig. 2.1B).
Different intestinal infections elicit divergent Teff phenotypes

We hypothesized that under SPF conditions Teff cells are only partially polarized into
characteristic subsets because of limited activation by commensal microbes, and that the
single-cell data only show “stubs” of more differentiated states that the cells could potentially

reach. We thus sought to further polarize the T cell pools to by challenging the mice with
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Figure 2.1: scRNA-seq analysis of Teff shows continuous rather than discrete distribution

A) t-SNE representation of single cell data from total colonic LP CD4 T cells of SPF mouse. Right
panel colors represent different KNN cell clusters. Lower panel: Expression of key genes.

B) t-SNE representation single cell data zoomed in on effector CD4 T cells. Right panel: overlay of
curated Th signatures (Table S2) on the t-SNE.

C) Flow cytometry confirmation that the infections elicited strong Th responses. All samples are
gated on CD4+ TCRP+ FOXP3- CD44". Upper panel: Th2 response (IL5/IL13), lower panel: Th1/17
responses (IL17-A,IFN-y)

D) Schematic of hashing experiment. Mice were infected with different pathogens, their colonic
LP cells extracted, tagged with hashing antibodies, sorted as CD4 T cells and processed as a single batch
on the 10X chromium controller. Sample demultiplexing was done computationally.

E) t-SNE representation of single cell data from hashing experiment. Central panel: each color
represents a different condition/infection; outlier population are highlighted- CycT-cycling T cells, CycTx-
cycling T cells with cytokeletal gene signature, ISGT- T cells expressing type | interferon sensing genes,
MyT- T cells expressing myeloid transcripts. Left panel: For ease of visualization, each condition is
plotted seperately. Right panel: overlay of curated Th signatures on the hashed t-SNE.

F) SPRING representation. Central panel: Louvain clustering; right panel: overlay of curated Th
signatures and cycling cells on the SPRING plot.
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infectious agents known to elicit strong and biased intestinal responses, and infected
mice with either (i) AroAA Salmonella typhimurium, a mutant that elicits IFN-y-dominated
responses in the gut (Hoiseth et al., 1981 and Hess et al., 1996}; (ii) Citrobacter rodentium, a
strong 1117 inducer (Mangan et al, 2006 and Collins et al, 2014); (iii) Heligmosomoides polygyrus
and Nippostrongylus brasiliensis , two helminths that provoke prototypic Type-2 responses
(Urban et al., 1991, LeGros et al., 1996 and Camberis et al, 2003). Cells were harvested well into
the infection (day 11+/2) to allow for terminally differentiated T cells to appear, and flow
cytometry confirmed that the infections did induce the expected cytokine responses (Fig. 2.1C).
As above, two independent experiments were performed for each (Fig. S1C). In one instance,
CD4+ cells from each control or infected mouse were tagged with DNA-coded antibodies
(Stoeckius et al., 2018) and pooled for sorting and microfluidic bead capture, which made for an
ideal comparison of Teff cells, eschewing batch confounders (Fig. 2.1D). As in uninfected mice,
CD4 T cells clustered into Tregs, naive T cells (coming mostly from uninfected mice), and Cd44+
Teff cells (Fig. S2A).

When Teff cells were considered on their own (Fig. 2.1E), several strong conclusions
emerged from the data. First, most Teff again formed a continuum, but cells from each infected
mouse mostly clustered in largely non-overlapping fashion, indicating that the type of infection
was the major driver of variability. Second, although there tended to be some segregation of
cells expressing the Th1 or Th17 signature sets, we still could not detect cell clusters that were
strictly associated with Th1l or Th17 signatures. Ifng, Tbx21, Il17a and Rorc were expressed
along heterogenous and continuous swaths which encompassed cells from Citrobacter- or

Salmonella-infected and SPF mice (Fig. S2B). Cells from Nippostrongylus- and Heligmosomoides-
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infected mice did cluster together, along with Th2-like cells from SPF mice, suggesting a more
specific identity for 114/5/13-expressing T cells. These conclusions were generally also present in
an independent set of colonic CD4+ Teff from mice infected with the same pathogens (Fig. S2C).

Similar conclusions were reached with another dimensionality reduction tool, SPRING,
using Louvain clustering (Weinreb et al., 2017; Fig. 2.1F), and further supported by diffusion
plots (Haghverdi et al, 2015; Fig. S3A).

Importantly, however, none of the partition clustering algorithms applied to these data
were able to break up the cell cloud into zones that overlapped with expression of the Th
signature sets. This was true of classic clustering tools, such as KNN clustering (Fig. S3B) or
biclustering approaches recently developed to efficiently infer cell-types in single-cell data (Azizi
et al., 2018 and Zeisel et al., 2015; Figs. S3C-D).

To account for the high dropout rates in scRNAseq data, we applied an imputation
algorithm, but Th1l and Th17 still did not cluster distinctly (Fig. S2D). Furthermore, few genes
that dominate the first principal components (PCs) of the datasets corresponded to “Th”
associated signatures, implying that “Th” genes were not driving the heterogeneity in this
dataset (Fig. S2E). Lastly, several small but distinct Teff subpopulations did emerge. One group
corresponds to cycling cells (T-CY), which was expected in conditions of strong T cell
stimulation, but others had unexpected characteristics which are detailed further in chapter 3.

The suggestion, from the t-SNE plots of Fig. 1, that Teff cells belong to a continuum of
cell states rather than to well-defined Th categories, needed to be treated with caution. Like
any dimensionality reduction, t-SNE distorts distances in the multidimensional space, and tends

to inflate distances between tightly clustered objects. Clustering approaches are also
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inadequate, as such algorithms will find clusters even in fully continuous distributions. To
objectively verify the continuity in the distribution of transcriptomes of Teff cells, we used
Hartigan's Dip Test of multi-modality (Hartigan et al., 1985) which tests for support of two or
more clear sub-populations with clear boundaries based on the distribution of pairwise
distances between cells. For robustness, we applied the Dip Test in two ways, by computing (a)
pairwise Euclidean distances based on the top 350 most variable genes defined by Dispersion
(Butler et al., 2018), or (b) differences in the first principal component (PC). With either
approach, discontinuities were identified between entire CD4+ T cells of Fig. 1A, as expected,
but not within any of the Teff populations whether from SPF or infected mice when cycling cells
were removed (Fig. S3E).

Whither Th modules?

Their expression patterns within the projection plots of Fig. 2.1A indicated that
prototypic Thl or Th17 signature sets do not mark discrete sets of cells, which led us to ask
whether they actually are discretely co-regulated entities within activated CD4+ Teff cells of the
colon. Gene:gene correlation between individual cells in scRNA-seq data is a powerful means to
identify coregulated genesets, as it leverages co-expressions across thousands of individual cells
(Macosko et al., 2015 and Tanay et al., 2017). We used the entire dataset of Teff from baseline
or infected mice, down-sampled to equivalent numbers of cells to avoid over-representation
from any one input, calculated gene:gene correlations within each condition. Some cytokines
did show significant positive clustering, as expected (//4 or II5 and //13; I117a and II17f;, Fig.
2.2A). However, no pairs of cytokines were significantly anti-correlated in these data,

suggesting that cytokine expression is not strongly exclusive, in accordance with the many
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Fig. 2.2: Th modules are not clearly identifiable in the sc-RNAseq data.

A) Co-expression of key cytokines across all samples. Mean Pearson gene:gene correlation of cytokine
genes across all samples.Only significantly correlated cytokines are colored(p<0.05, ¥? test).

B) Pearson gene:gene correlation plots of curated Th signatures in each single cell sample. Numbers
indicate P values of “clustaribility” for each Th cluster compared to the rest by using Mann-Whitney test.
C) Single-cell expression of surface marker genes on the hashed t-SNE.

D) Flow cytometry plot showing CD4 Teff cells (CD4+ TCRB+ FOXP3- CD44") from Salmonella-infected
mice.
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observations of dual expression mentioned above. The signature genesets did not appear like
tight gene modules overall (Fig. 2.2B), although each group did show significantly more within-
signature correlation than to other signature genes (most Mann-Whitney p values < 107). The
Th-specific genesets expected to be most highly associated with a particular infection did
become more correlated (e.g. the Th1l7 or Th2 clusters in cells from Citrobacter or
Heligmosomoides infections, respectively), with the exception of the Thl geneset, which
became if anything looser after Salmonella infection. Overall, however, gene:gene correlation
within single-cells did not highlight tightly coregulated clusters, in accordance with the absence
of clearly identified clusters of cells expressing the conventional Th signatures.

Next, we wanted to see if surface markers that are associated with classic Th subsets
and are used for cell sorting (Ccr5 for Th1; Ccr6 and Il1r2 for Th17), show expression in line with
their respective Th signatures. Surprisingly, Ccr6 and Il1r2 were expressed in a mutually
exclusive manner and had only partial overlap with //17a producing cells, whereas Ccr5 was
continuously distributed across the cloud with only partial overlap with the Th1 signature (Fig.
2.2C). Flow cytometric analysis confirmed that CCR6 and IL1R2 were largely exclusive of one
another, identifying cells that produced both IFN-y and 1l-17 to different degrees (Fig. 2.2D).
Thus, not only are classic Th subsets not clearly identifiable in the transcriptional data, but the
markers conventionally used to identify them are poorly matched.

Teff phenotypes distinguished by infecting agents, not by Th type

The distribution of Teff cells in the pooled profiling experiment of Fig. 2.1E suggested

that the infecting agent was the major driver of variability. This was also apparent when

comparing the overall Euclidean distance between all //117a and Ifng expressing cells from the
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different conditions. Cells clustered according to the type of infection (or lack thereof), rather
than by the cytokine type they expressed (Fig. 2.3A), Ifng or Il17a-expressing Teff from any
condition being more similar to each other than to their counterparts in the other mice.
Accordingly, analysis of variable transcripts present in //17a and Ifng-expressing cells revealed
clearly divergent patterns, with blocs of co-expressed transcripts that largely aligned with the
infection (Fig. 2.3B). Interestingly, though, a small minority of the 1117a- or Ifng-producing Teff
from Citrobacter-infected mice did express the transcripts most prevalent after Salmonella
infection (small arrows in Fig. 2.3B), in accordance with the partial overlap observed in Fig.
2.1E).

To verify this result and exclude technical pitfalls from single-cell RNAseq, we used an
[117A-GFP reporter mouse line and performed conventional low-input RNA-Seq on colonic GFP
positive cells at baseline or infection with Salmonella or Citrobacter, in biological duplicates.
Echoing the single cell data, Principal Component Analysis showed that IL17A+ cells from each
condition clustered separately from each other (Fig. 2.3C). The direct comparison of IL17A-GFP+
cells from Salmonella or Citrobacter-infected mice showed that the transcripts with biased
representation in the scRNAseq data were similarly biased in the bulk data, for the most part
(p=2X10"4 for genes upregulated in Salmonella, but p=0.24 for genes upregulated in
Citrobacter). It also revealed genesets differentially elicited by the two infections, with 237
differentially expressed genes (at FC>2 and FDR <0.05; Fig. 2.3D). Most strikingly, the infections
elicited many differentially expressed genes in IL17A-GFP+ cells compared to uninfected mice
(Citrobacter: 393 genes and Salmonella: 737 genes, with the same cutoffs as above; Fig. 2.3E).

Conversely, activated (CD44hi CXCRGhi) IL17A-GFP- cells sorted from Salmonella-
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Fig. 2.3: Teff phenotypes are distinguishable by infection rather than by Th type

A) Dendogram representing hierarchical clustering of Euclidean distances between cells from single cell
RNA data selected by Ifng or Il117a expression of at least 1 UMI.

B) Heatmap of top 20 genes differentially expressed between CD4 Tcells from Citrobacter or Salmonella
infected mice in either Il17a or Ifng-expressing cells. Ifng and I/17a are in the top two rows.

C) PCA of bulk RNA-sequencing data from IL17-GFP" cells from mice infected with either Citrobacter or
Salmonella as well SPF mice.

D) Volcano plot of bulk RNA-sequencing data from IL17-GFP* cells from mice infected with either
Citrobacter or Salmonella. Red and blue marked genes represent genes that are more highly expressed
in CD4 T cells from Salmonella or Citrobacter infections, respectively.

E) Heatmap of all variable genes in IL17-GFP” cells from Salmonella, Citrobacter or SPF mice, normalized
to mean SPF values, and hierarchically clustered.
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infected mice differentially expressed only 260 genes compared with IL17+ GFP cells from the
same mice. Thus, cells that produce the same cytokines, do not represent discrete states, but
are rather on a transcriptional continuum that is mostly defined by other factors (such as

infection type) other than the cytokine they produce.

The primary determinants of Teff variability

If cytokine production is not the primary indicator of Teff heterogeneity, what drives it
then? We turned again to gene:gene correlation between single cells across the conditions
tested, to identify covarying gene modules that constitute the major components of T cell
diversification. We used Affinity Propagation to separate coregulated modules in an
unsupervised manner (Fig. 2.4A). Several gene modules were related to house-keeping tasks
such as Cell cycle (M1-G1/S and M2-G2/M) and cytoskeletal genes that are associated with
motility (M4-CytSK). Others were associated with particular T helper modes of action such as
Tfh, Type |, Il and lll responses. Some of the modules were enriched for different signaling
pathways such as TNFR2 signaling (M16), IL-2 signaling (M15), JNK signaling (M6), Type |
interferon response (M10-ISG), as well as early activation (M14-EaAct). One interesting module
(M12-CTX/CCL5) clustered closely to Type | response (M11-Typel) and included Cc/5 and
cytotoxicity genes (Gzmb, Nkg7 and Kirk1, which codes for NKG2D).

Different gene modules were more enriched in some conditions than others. For
example, M14-EaAct and M12-CTX/CCL5 programs were enriched in cells from SPF mice,
whereas M4-CSK, M11-Typel, M6 and the cell cycle modules (M1-G1/S and M2-G2/M) were

enriched in cells from Citrobacter and Salmonella infections (Fig. 2.4B). Importantly, when we

44



Figure 2.4: 16 Gene modules drive Teff heterogeneity across cells and samples

A) Total mean Pearson gene:gene correlation of the most highly variable genes in each sample. 16
clusters were determined by Affinity Propagation.

B) Heatmap representing expression of each of the 16 gene modules from A in each of the single cell
samples.

C) Overlay of gene modules on T-SNE from hashed samples.

45



Figure 2.4
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overlayed many of these gene modules on the t-SNE representation, they showed differential

representation across cells and were distributed as gradients rather than discrete (Fig. 2.4C).

A functional continuum of CD4+ Teff cells?

An organization of Teff cells as a continuum of cells in which different functions are
distributed along various poles and gradients is more challenging than a framework with
discrete and identifiable groups of cells, whether to handle conceptually or as an operational
context for experimental design. The “poles” in the data should provide experimentally
tractable framework, however. To illustrate the potentialities such a model allows, we followed
an integrated multistep strategy (Fig. 2.5A). We first searched for and identified, within the
scRNAseq data, several transcripts expressed in Teff cells that showed clear gradients of
expression, and encoded cell surface molecules that can be used for flow cytometry with
monoclonal antibodies (Klrgl, Cxcr6, Icos, Cd69, Ly6a (encodes Sca-1); Fig. 2.5B). We then
analyzed colon LP cells by flow cytometry with labeled antibodies against these markers,
displaying the multiparameter results on a t-SNE plot (Fig. 2.5C). Gates useable to pilot a cell
sorter were determined iteratively, to sort cells belonging to specific areas of the cell cloud (Fig.
2.5D), yielding three distinct populations that could be sorted according to specific marker
patterns (population A: ICOSIoKLRG1IoCXCR6hiCD69hiLy6ahi; population B:
ICOSIoKLRG1loCXCR6loCD69loLy6alo: population C: ICOSIoKLRG1hiCXCR6hi). Such cells were
sorted from colon LP of Salmonella-infected mice for phenotypic and functional testing.
Conventional RNA-Seq on these sorted population showed a differential transcript

representation, with enrichment in populations A, B or C that corresponded well to the
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Figure 2.5: Transcriptional and functional validation of Teff continuity

A) Experiment schematic. Continuously distributed surface markers were selected from the sc-RNAseq
data. Cells were stained with antibodies to the surface markers, and were analyzed by flow cytometry.
Flow t-SNE was then calculated on Teff cells, and gates for sorting were selected to include poles of the
flow t-SNE. Cells were sorted for RNA-seq and multiplex ELISA.

B) Gene expression of selected surface markers in CD4 Teffs from Salmonella infection.

C)Flow cytometry t-SNE generated from MFIs of CD4 Teffs stained with antibodies against KLRG1, ICOS,
CD69, SCA1 and CXCR6.

D) Sorting strategy for bulk RNA-Seq and ELISA. ICOS° KLRG1" CXCR6" CD69" SCA1™ was sorted as
population A, ICOS ' KLRG1 ° CXCR6" CD69"° SCA1° was sorted as population B and 1COS° KLRG1"
CXCR6" was sorted as population C. Sorting gates corresponded to the poles of the flow t-SNE from C.
E)Heatmap comparing differentially expressed genes between populations A, B and C. Hierarchically
clustered and row mean normalized.

F) Three independent multiplex ELISA experiments comparing secretion of cytokines and chemokines
from populations A,B and C. Asterisks represent p value <0.05.
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Figure 2.5 Cont.
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predicted signatures derived from the scRNAseq data (Fig. 2.5E and Fig. S4A). These included,
in population B, transcripts associated with a more resting state (Ccr7, Sell and Tcf7), while 1117-
associated transcripts (Rorc, 1123r, Il17re, Tmem176a) were over-represented in Population A.
For a test of function, we stimulated the sorted cells and measured cytokine secretion by ELISA
(Fig. 2.5F). Distinctive patterns were observed although, as expected, no single pool was
associated with exclusive secretion of any one cytokine. Both populations A and C secreted
significantly more IFN-y than population B, whereas population A secreted more II-17A and IL-
22 (Fig. 2.5F) CCL5 levels were slightly higher in population C. These results confirm that the
scRNAseq data captures real heterogeneity within the Teff continuum. The t-SNE pole that
represents population A expresses more IL-17A and IL-22, and the pole that represents
population A expresses more type IFN-y and TNF-a. But both encompass all potentialities, only
in quantitatively different amounts.

Interestingly, we noticed that module M11-Type 1 was overrepresented in population A,
whereas module M12-CTX/Ccl5 appeared mostly in populations B and C (Fig. S4B). We went
back to the single cell data to see if different cells, in fact, express these genes. Indeed, across
both biological replicates of cells from Salmonella-infected mice, genes from module M12-
CTX/Ccl5 were expressed in a different cell population than the majority of Ifng expressing cells
(Fig. S4C). Both of these populations would be previously classified as “Th1” as they were
mostly Thx21-positive and Rorc-negative. These data further strengthens the notion that T cell
heterogeneity is not determined by “Th” subtypes, as we could see large heterogeneity within

Tbx21-expressing cells.
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Lastly, we were interested to see what role TCR activation plays in the T cell
heterogeneity that we observed. To this end, we used another droplet-based scRNA-seq
platform, InDrop, to obtain both the transcriptome and the TCRaf variable region sequences
from the same single cells as has been previously described in Zemmour et al., 2018. We
profiled T cells from a mouse infected with Citrobacter, as we observed the most transcriptional
heterogeneity in CD4 T cells elicited by this infection (Fig. 2.1E). One particular clone expanded
in all clusters, suggesting that cells with the same TCR can express different gene modules and
assume different states on the continuous transcriptional space (Fig. S5A-C).

Our data suggest that at least in the case of IL-17 and IFN- y producing cells, their
transcriptional states overlap to a large extent and cannot be parsed out into discrete cell
states. We thus propose a new, “quantum states” model for Th heterogeneity (Fig. 2.6).
Whereas the classic model describes Th subsets as discrete, finally differentiated states, and the
plastic model describes discrete states that can convert to each other, our proposed “cloud
model” describes cells on a continuum of partially overlapping states that can be only partially
construed by the cytokines they produce.

2.4. Discussion

Our study attempts to study the lingering question of T cell heterogeneity on a
transcriptional single-cell level. Since the realization over 40 years ago that T helper cells
perform various different functions such as B cell help or macrophage activation, the field has
tried to subdivide the T cells into discrete subsets according to their function. CD4 helper
function translated to cytokine production, and so T helper cells were divided according to their

cytokine production (and later, “master” transcription factor) profile. This labeling has persisted
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despite numerous reports of non-exclusive cytokine expression, as well as plasticity between
states.

We propose a Th model that is neither discrete nor plastic. We have shown that at least
IL17- and IFN-y-producing cells are not found in discrete states, but plasticity between them has
been previously shown by multiple groups. However, our data suggest that Teff cells are on a
gradient of gene modules and cell states (with single-positive cells at the poles of the gradient),
whereas the plasticity model predicts a binary switch of cell identity that the plasticity model.
This model combines and does not exclude neither previously described “distinct” states (albeit
at the poles of the continuum) nor “plastic” states (albeit with a continuum of transition states
rather than binary state switch). Rather than plasticity between several rigid cell states, we
propose fluid transcriptional states, which may allow Teffs to adapt quickly to different
pathogens and challenges. This is, in a way, not dissimilar to quantum states, where an electron
cannot be found in one discrete state at a particular orbital, but rather within a probability
distribution that determines its probability to be observed at a particular state.
Figure 2.6
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Figure 2.6: A new model for T helper cell classification.
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Recently, Bielecki and Riesenfeld et al. (2018) described a similar continuous “cloud” of
cells from scRNA-seq data of lung ILCs. This is intriguing, as ILCs are thought to have
transcriptional programs that mirror those in T helper cells (ILC1, ILC2 and ILC3). We speculate
that Type | and Ill programs are also found on a continuum in other cell types, such as ILCs,
NKTs and y&6 T cells.

Interestingly, infections with bacteria or helminths that elicit strong T helper responses,
did not produce a better cluster resolution, with the exception of Th2 and Tfh cells. Our results
suggest that Th2 and Tfh cells are, indeed, discrete cell states from Th1 and Th17 cells. Overall,
Th2 and Tfh were less activated than the other cell types, so we cannot exclude that their
discrete states are a consequence of lower inflammation or TCR stimulation. It is possible that
upon proper activation, or within germinal centers in draining lymph nodes, these cells would
be transcriptionally more similar to activated Th1 and 17 cells. Similarly, the helminth infections
that we used are primarily infecting the small intestine, rather than the colon. Thus, it is
possible that the Th2 response in the colon is less inflammatory than the responses to
Salmonella or Citrobacter, and this is why the Th2 and Tfh responses looks distinct. Published
data do support the idea that Th2 is a more stable cell state, but that Th1 cells can produce IL-
17 and, conversely, “Th17” cells can produce IFN-y (Lexberg et al., 2010 and Geginat et al.,
2014). Our own data suggest that IL-4, IL-5 and IL-13 production is usually separate from IFN-y,
even though helminths elicit a strong type | response as well.

We were also surprised to see that surface markers that have been used for
identification and sorting of particular Th subtypes did not match the expected cytokine profile.

The most extreme example was IL1R2, an IL-1 receptor that was shown to be expressed in IL17-
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producing cells (Skeppner et al., 2015 and Gaublomme et al., 2015), but in our data matched
mostly with IFN-y producing cells. CCR6+ cells, which are traditionally thought to match with
IL17-expressing cells (Acosta-Rodriguez et al., 2007), were also a mix of single or dual 1117 and
IFN-y producers at roughly equal ratios, and missed many IL17-producing cells. This result
confirmed the large heterogeneity within the IL17-producing cells. We observed similar
heterogeneity within the IL17-negative population, where mostly Thx21 positive cells split along
two main cell clusters: one that expressed high levels of IFN-y, and another that expressed high
levels of Ccl5, Gzmb and Cxcr3. However, these two cell clusters were still distributed along a
continuum, with many cells expressing both Cc/5 and Ifng. This heterogeneity within //17a- or
Tbx21-expressing cells further suggested that the expression of cytokine genes does not confer
a distinct cell identity.

Cells that produce the same cytokine have vastly different transcriptional profiles based
on the type of infection they encounter (or lack thereof). This has been previously described in
vitro in human IL17-producing cells, which produce IFN-y upon Candida albicans infection, and
IL-10 upon Staphylococus aureus infection (Zielinski et al., 2012). Indeed, we saw some genes
that overlapped with whole tissue RNA-Seq of large intestine from Citrobacter rodentium-
infected mice (Kang et al., 2018). Specifically, we found Atplb2 (a Na'/K' Atpase), Neto2
(neuronal) and Uck2 (a nucleotide kinase) to be exclusively expressed in T cells from Citrobacter
rodentium infection, while Kang et al. (2018) identified them in the top 20 up-regulated
differentially expressed genes in Citrobacter rodentium-infected colon. This can suggest two

things: either that differences in T cells transcriptome during infection are the main changes
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that occur in the large intestine, or that the infection causes different cells to express similar
gene modules.

Since different pathogens are heterogeneous and employ a myriad of different
mechanisms of infection, it is not surprising that the immune response is not limited to few
modes of response (against viruses and intracellular bacteria for Thl; helminth for Th2;
extracellular bacteria and fungi for Th17). Thus, different pathogens can either directly or, more
likely, indirectly (via APCs and other cells) signal to the T cells and thus change their
transcriptional profile.

Importantly, we were able to functionally and transcriptionally verify our observations
from scRNA-seq by sorting cells not from defined clusters, but from the t-SNE continuum.
Sorting cells from different poles of the t-SNE and analyzing their transcriptome by bulk RNA-
Seq or testing their functional ability to produce cytokines recapitulated the continuity we
previously observed: the cell “cloud” was experimentally tractable; cells did not express one Th
signature/cytokine or another, just quantitatively different amounts.

What is the benefit of expressing or having the potential to express different gene
modules and cytokines in the same cell? One might argue that cell specialization is a hallmark of
immunity, but perhaps under conditions of highly inflammatory infection, it is beneficial for
cells to go “Gung-ho” and try to fight the pathogen in any way possible.

In conclusion, our study sheds light on T effector cell heterogeneity at steady-state and
infection and establishes a new model for their classification that can perhaps be borrowed into

other cell types.
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Chapter 3: Novel subsets of CD4+ T effector T cells



In this chapter we focus on the peripheral populations that were outside the main T cell
“cloud”. One of these populations is the ISGT (Fig. 2.1E), a very small isolated Teff population
which was intriguing because it expressed high levels of IFN-I induced transcripts. These cells
were again over-represented after Salmonella or Citrobacter infections, and suggest that a
small subset of Teff cells may be uniquely sensitive to IFN stimulation, or that they reside in a
small analtomical compartment in which IFN is particularly abundant.

Another intriguing cluster (CycTx, Fig. 2.1E) consists of cells that express many cell cycle
genes as well as tubulin-associated genes.Interestingly, cell cycle regression did not merge that
cluster with the other populations, suggesting a unique gene expression signature that is not
driven solely by cell cycle.Using Ingenuity pathway analysis (IPA) we found enrichment in
oxidative phosphorylation, cholesterol biosynthesis and Rho-GTPase signaling, which is
important for cell motility and immunological synapse stability (Saoudi et al., 2014).

Another population expressed high levels of the surface markers Cd160, Crtam and
Lag3, the neural gene Nrgn (encoding neurogranin, a neural protein that binds Ca’'-free
calmodulin) as well as the chemokines Xcl1, Ccl1, Ccl3 and Ccl4 (Fig. 3.1A). We thus sorted this
population for RNA-Seq as CRTAM" and detected a very similar gene signature from the RNA-
seq data, with the chemokines highly expressed in the CRTAM" cells (Fig. 3.1B). IPA revealed
Stat3 signaling, prolactin signaling and neuregulin signaling genes to be enriched in this
population. Interestingly, many of the most upregulated genes in this population, such as
Crtam, Ccl1, Nrgn and Lag3 and Tnfrsf9 (encodes 4-1BB) are targets of Egr2, which is suggestive

of an anergic state (Zheng et al., 2013).
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Another “peripheral” population (MyT, CycTx, Fig. 2.1E), which was mostly coming from
Salmonella-infected mice, showed high expression of myeloid genes, such as genes coding for
MHC class Il, as well as Apoe, Lyz2 and Clqa (Fig 3.1C). While at first we saw that this was a
myeloid:T cell doublet, we became convinced that this is not the case. Firstly, we could detect
very few (~0.6%) myeloid cells in the single cell data. Secondly, myeloid cells tend to have more
RNA than T cells and thus have more UMI counts per cell, but this was not the case with cluster
8. Thirdly, the expression levels of key CD4 T cell genes such as Trac, Trbc2 and Cd4 were at the
same level as the other clusters. Lastly, this myeloid-like population constituted 3-9% of each
sample from Salmonella typhimurium infected mice, but they did not appear to be present in
other samples.

To verify that what we are seeing is real, we stained for MHCII in the colon. Surprisingly,
we saw that around 5% of the CD44" (effector) CD4 T cells but not Tregs expressed MHCII (Fig.
3.1D). We thus sorted MHCI™ and MHCI"® cells for deeper transcriptional profiling.
Interestingly, MHCII" CD4 T cells expressed a very similar set of genes to the ones we observed
in the single cell RNA-seq data: Lyz2, Apoe and other MHCII genes (all except for H2-Ab1 have
null mutations in C57BL/6 mice; Fig. 3.1E). These data suggested that this “myeloid-T” is not an
artifact of sorting or droplet-based single cell RNA-sequencing.

To confirm that our observations are due to endogenous expression of myeloid genes
and not due to trigocytosis or uptake of foreign myeloid RNA, we created mixed bone marrow
chimeras from MHC class Il (I-A) knockout (Cosgrove et al., 1991) and congenic wild-type mice.

8 weeks after bone marrow reconstitution the mice were infected with Salmonella typhimurium

and their colonic CD4 T cells were analyzed by flow cytometry and transcriptionally profiled.
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Flow cytometric analysis showed that CD4 T cells from I-A”" mice still stained positive for MHC
class Il, suggesting trigocytosis. RNA-seq, on the other hand, showed that all the I-A transcripts
were endogenous, i.e. wild-type H2-Ab1 transcripts were only found in wild-type cells and exon
2 deleted H2-Ab1 transcripts were found only in I-A” cells (Fig. 3.1F). These data suggested that
CDA4 T cells endogenously express I-A, but are also able to pick up MHC class Il protein through
trigocytosis. Surprisingly, many of the transcripts that were upregulated in the T-Myl population
as well as the sorted MHC" population were upregulated in the CD4 T cells from I-A” mice,
suggesting that H2-Ab2 downregulates these transcripts in a negative feedback loop (Fig. S6).
Further experiments will show whether CD4 T cells can present antigen in the context of

Salmonella typhimurium infection and if these myeloid genes are important for their function.
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Figure 3.1:Novel CD4 Teff subsets. A) scRNA-seq expression data of genes in Crtam” cluster (cluster 11).
B) Volcano plot comparing RNA-seq data and scRNA-seq data of Crtam” cells vs total Teff cells (MHCII lo).
Over/under-expressed genes from scRNA-seq data are shown in red and blue, respectively, with
significance of overlap.

C) scRNA-seq expression data of genes in myT cluster

D) Volcano plot representing RNA-seq data comparing MHCII hi and MHCII lo Teff cells from LP of
Salmonella infected mice.

E) Flow cytometric analysis of CD4+TCRB+FOXP3- cells from LP of Salmonella infected mice.

F) RNA-seq reads from WT and H2-Ab1 KO Teff cells from mixed bone marrow chimeras infected with
Salmonella, aligned to exon2 of H2-Ab1. Neomycin insert that disrupts the gene is shown above.
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Chapter 4: Tregs and their role in auto-immunity and cancer



4.1.Tregs and their role in auto-immunity and cancer

A hallmark of the adaptive immune system is its ability to tolerate self-antigens and
harmless foreign antigens. Without this ability the immune system would attack its own host,
its food, and symbiotic microorganisms that live within the host, leading to deleterious effects.
Regulatory T cells (Tregs) help to prevent this problem and play an important role in the
suppression of immune responses and immune self-tolerance. This rare cell subset (~10% of
CD4" cells) consists of CD4'CD25" T cells that express the transcription factor forkhead box P3
(FoxP3). Loss of function mutations of FoxP3 in mice or humans leads to severe organ
autoimmunity and inflammation due to lack of Treg cells (Benoist and Mathis, 2012). Ablation
of Treg cells in adult mice results in a similar phenotype, while adoptive cell transfer of Tregs
ameliorates the disease, suggesting that Tregs exhibit a dominant suppressive phenotype (Kim
et al., 2007). Tregs can exert their suppressive function in multiple ways, such as direct killing of
APCs or other T cells, production of suppressive cytokines such as TGF-B, IL-10 and IL-35,
deprivation of trophic cytokines and nutrients, as well as stripping off stimulatory ligands from
APCs (Vignali et al., 2008 and Josefowicz et al., 2012).

As mediators of immune tolerance, Tregs have been implicated in autoimmune diseases
such as Type-| diabetes, rheumatoid arthritis, and inflammatory bowel disease (IBD), as well as
cancer. Whereas in autoimmune diseases Tregs lose their suppressive function and stability, in
cancer Tregs nurture the tumor immunosuppressive microenvironment and prevent the host
immune system from eliciting an effective immune response against tumors (Long et al., 2011

and Nishikawa et al., 2014). Adoptive cell transfer (ACT) of Tregs into a mouse model of
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rheumatoid arthritis suppressed arthritis, and recruitment of Tregs to pancreatic islets in NOD
mice has been shown to protect from autoimmunity (Wright et al., 2009 and Montane et al.,
2011).

Treg differentiation in the thymus is not well understood, but current data suggest an
interplay between IL-2 levels and TCR signaling in the thymus. CD4" T cells that experience
strong TCR signaling and high levels of IL-2 change their epigenetic landscape and up-regulate
CD25 and turn on FoxP3 (Samstein et al., 2012).Treg lineage maintenance highly depends on
stable expression of FoxP3, as its loss of its expression leads to inhibition of suppressor function
[10]. However, expression of FoxP3 alone is not sufficient for conferring and maintaining the
Treg phenotype, as ectopic retroviral transduction of Tconvs with FoxP3 does not induce many
Tregsignature genes (Hill et al., 2007 and Kwon et al., 2017). These data suggest involvement of
other factors in Treg biology.

Recently, our lab and others have identified tissue-resident subsets of Tregs, which
reside in fat, muscle, and intestines, and can play a role in metabolic regulation, tissue repair
and interactions with microbiota, respectively (Feuerer et al., 2009, Burzyn et al., 2013, Sefik et
al., 2015 and Panduro et al., 2016). An intriguing feature of these tissue Tregs is the adaptation
of certain transcriptional programs that mimic some signature genes in their tissue
environment (Cipolletta et al., 2012). It is, however, unclear how these Tregs migrate into these
peripheral tissues, and furthermore how they change their transcriptome and epigenome.

Overall, many aspects of Treg biology remain unknown. For example, it is unclear which
factors are involved in Treg differentiation in the thymus, what maintains their stability, and

how their transcriptional program is changed in different contexts and tissues.
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4.2. In vivo CRISPR/Cas9 screening of genes that affect Tregs

To answer these questions, we set to devise a system that allows us to create loss of
function (LOF) mutations in Tregs in a high-throughput mode in vivo. To this end, we employed
the CRISPR/Cas9 system, which has been employed in many library high-throughput screens
(Wang et al.,, 2014, Shalem et al., 2014, Chen et al., 2015, and Manguso et al. 2017). The
principle of these methods is to express the CRISPR/Cas9 endonuclease together with a single
guide RNA (sgRNA) that targets DNA cleavage by Cas9, introducing sequence scars by the error-
prone non-homologous end joining repair. These sgRNAs are usually transduced as retroviral or
lentiviral libraries into a cell population that can be selected for according to a particular
function (usually survival or proliferation). If a gene is specifically required for the selected
function, sgRNAs that inactivate it will be under-represented relative to the starting pool.

An in vivo CRISPR/Cas9 screening system for Tregs involved several caveats. First, Tregs
are not easily infected by retro- or lenti-viral vectors, and their transduction efficacy decreases
with the size of the expression vector. Thus, we utilized the Cas9 knock-in mouse, which
allowed us to “save space” on the vector and express just sgRNAs and a fluorescent marker
(Platt et al., 2014). Secondly, ex-vivo transduction has been shown to activate T cells and affect
their phenotypes (Kurachi et al., 2017). We were able to maintain the T cells “untouched” by
transducing hematopoietic progenitor stems cells and allowing them to develop normally in
irradiated host mice (Godec et al., 2015). This introduced another problem- only a limited

number of CLPs seed the thymus and differentiate into T cells, limiting the coverage of
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CRISPR/Cas9 libraries. We solved this problem by limiting the size of libraries to ~300 sgRNAs
and using multiple mice per experiment.

Specifically, to screen for genes that affect Treg differentiation, proliferation or survival,
we infected Lineage'Sca-17C-kit" (LSK) cells from mice that either constitutively express Cas9
(Cst-Cas9), or in which Cas9 is active only in Tregs (FoxP3-CRE) with a lentiviral gRNA vector that
expresses the RFP fluorescent marker (Figure 4.1).

After 8-12 weeks to allow for colonization and differentiation of mature T cells, we
purified Tregs and Tconvs by flow cytometry and quantified the representation of the sgRNAs in
their genomic DNA by PCR and high-throughput sequencing.

Figure 4.1
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Figure 4.1: Schematic of the in vivo CRISPR BM chimera system. Our approach is to infect LSK cells
with mRFP1 and sgRNA lentivirus. Only mRFP1 expressing cells carry gRNAs to inactivate the gene of
interest. We compare the ratios of cells that are CD4+TCRb+Thy1.1+ (Tregs) and CD4+TCRb+Thy1.1-
(Tconvs).
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We validated that we achieve high genome editing efficacy with several targets such as
FoxP3 (Figure 4.2). We then set to test different genes in a pooled approach. The logic of the
experiment is that if a gene is specifically required for the differentiation or homeostatic
maintenance of Tregs relative to others, sgRNAs that inactivate it will be under-represented in
that cell. However, if a gene is generally necessary for differentiation of all cells, its inactivating
sgRNAs will be un-represented everywhere, relative to the starting LSK pool.

We developed a robust tool for gene editing T cells in vivo, and for screening different
genes for effects on T cells in vivo. Several people in the lab are now using this method to study
the effects of their genes of interests on Tregs in multiple tissues. Specifically, this approach
was used to screen a library of nuclear and chemokine receptors in Tregs (manuscript in

preparation).

Figure 4.2
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Figure 4.2: The in vivo gene editing is robust. mRFP+ CD4 T cells that have been infected with
a gRNA targeting FoxP3 have low levels of FoxP3 and fewer Tregs than the mRFP- cells that
have not been infected.



4.3. In vivo CRISPR/Cas9 validation of genes that affect tumor-infiltrating Tregs accumulation

in tumors

Tregs have been shown to contribute to the immunosuppressive environment of
tumors (Galon et al., 2006). Furthermore, several studies showed that when Tregs are depleted
from the tumor, tumor progression is deterred (Simpson et al., 2013 and Bos et al., 2013). Our
lab has identified genes that are specifically over-expressed in tumor-infiltrating Tregs (TITRs) in
both mouse models and human tissues by integrating RNA-seq from mice and humans and
TCGA data. To test if these over-expressed genes are functionally important for Tregs
accumulation in tumors, we performed a systematic in vivo screen of the top-ranked TITR-
specific targets by creating LOF mutations in the protein-coding regions by adapting the
CRISPR/Cas9 system to specifically edit Treg cells, assessing differential representation in the
tumor relative to lymphoid organs (Platt et al., 2014). Tregs were purified from transgenic mice
expressing both the Cas9 protein and the FoxP3-Thyl.1 reporter (Liston et al., 2008), were
activated in vitro, and were transduced with retroviral vectors encoding the targeting single-
guide RNAs (sgRNAs) of interest (Figure 3.3 A). Pairs of retroviral vectors expressing two
different fluorescent proteins (GFP and RFP) were used, which allowed us to label and compare
Tregs carrying targeting or control sgRNAs in the same mouse (and thereby increase the
informativity of each mouse). Transduced Tregs were then transferred together with “filler”
splenocytes (to avoid homeostatically driven expansion) into alymphoid RAG-deficient mice,
which concomitantly received MC38 tumor cells. After 18 days to allow for tumor growth and
Treg homing, we analyzed the distributions of Treg cells carrying each of the targeting or

control sgRNAs in the tumor relative to lymphoid organs, calculated as a “tumor depletion
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index” (Figures 4.3 B and C). By DNA amplification and sequencing we also ensured that the
target genes were efficiently edited (estimated as > 50% in all cases). The compiled results
showed that several of the LOF mutations had no impact on TITR proportions, but three of
them did: Tnfrsf8 (encodes CD30), Cxcr3 (a chemokine receptor) and Samsn1 (an intracellular
signaling adapter). LOF of Tnfrsf8 and Cxcr3 resulted in consistent effects, which were cross-
validated by antibody blockade. This first Samsn1 LOF result was validated with four
independent sgRNAs targeting different regions of Samsnl. Each sgRNA decreased Treg

accumulation in the tumors (Figure 4.3D), confirming the significance of the effect.
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Figure 4.3 CRISPR-based Treg knockouts. A. Schematic depiction of protocol to induce loss

of function (LOF) mutations in TITR target genes, specifically in Treg cells, utilizing the CRISPR/Cas9
system. B. Exemplar gating used for determining the tumor depletion index- the ratio of the
percentage of GFP or RFP+ Tregs in tumor vs. spleen. C. Summary of CRISPR-based Treg knockout
data. The tumor depletion index was significant in the genes highlighted in red. D. Validation of

Samsn1 LOF on Treg accumulation in tumors. Four Different sgRNAs showed decreased accumulation
of Samsn1 LOF Tregs in the tumors.
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4.4: Manuscript (see appendix A)

Collaboration: The work referenced above was initiated by Dr. Angela Magnuson and
experiments were conducted and analyzed in collaboration with A. Ergun, J.S. Park, N. Asinovski,
A. Ortiz-Lopez, A. Kilcoyne and E. Paoluzzi-Tomada. This study was conducted under the
supervision and direction of Christophe Benoist, Diane Mathis and Ralph Weissleder. | initiated,

conducted and analyzed the CRISPR knockout validation experiments in Tregs.
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Chapter 5: Materials and Methods



Single Cell RNA-seq of CD4
Mice

For single cell experiments, 6-week old male C57BL/6 mice were purchased from
Jackson Laboratories, kept for 1 week under specific pathogen-free (SPF) conditions in the

GFP/+ mice

animal facility at Harvard Medical School, and then infected with pathogens. IL17A
(Jax:C57BL/6-1117atm1Bcgen/)) were a gift from Dr. Jun Huh. OT-ll TCR-transgenic mice were
obtained from Jackson Laboratories (B6.Cg-Tg(TcraTcrb)425Cbn/J). I-A”7" mice were
previously generated in our laboratory (Cosgrove et al., 1991). All mice were bred
and/or maintained in our specific-pathogen-free facilities at Harvard Medical School (IACUC
protocols IS1257, IS187-3, 1S2221).

Infections

Salmonella typhimurium: Mice were gavaged with 100 ul of 200 mg/mL streptomycin in water.
24 hours later, they were gavaged with 10° Salmonella enterica (Serovar Typhimurium) AroAA
(gift of D. Littman). Unless noted otherwise, mice were sacrificed at day 13 after infection.
Citrobacter rodentium: Mice were gavaged with 5X10°® Citrobacter rodentium and sacrificed 13
days later.

Helminths: Mice were gavaged with 200 L3 larvae of Heligmosomoides polygyrus in 200 pul H,0
or subcutaneously injected with 500 L3 larvae of Nippostrongylus brasiliensis in 100 ul PBS, and
sacrificed 11 days later.

Preparation of mouse lymphocytes for single-cell RNA-seq

Intestinal tissues were treated with RPMI containing 1 mM DTT, 20 mM EDTA and 2%

FBS at 37 C for 15 min to remove epithelial cells, minced and dissociated in collagenase solution
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(1 mg/ml collagenase VIII (Sigma), 1 ug/ml DNAse and 1%FBS in RPMI) with constant
stirring at 37°C for 20min. Single cell suspensions were then filtered and washed with 4% RPMI
solution. Single-cell suspensions were stained on ice for 30 min with antibodies against CD4,
TCR-B, CD19 and CDA45 (Biolegend) and and sorted with Astrios MoFlo (Beckman Coulter)as
Dapi” CD45" CD4* TCRB* CD19™ directly into PBS with the final concentration of 0.04% BSA. For
cell hashing, Total Seq A™ antibodies 301-305 were added to each sample individually at the
same time as other antibodies. All samples were sorted together directly into RPMI and
subsequently spun down and reconstituted in 33 ul of 0.04% PBS. All samples were loaded on
the 10X Chromium Controller within 30 minutes of sorting. Libraries were prepared using
Chromium Single Cell 3’ Reagent Kits v2 according to the manufacturer’s protocol (10X
Genomics). HTO libraries were prepared as described in Stoeckius et al. (2018). Both libraries
were sequenced together on lllumina HiSeq 4000.
Single-Cell RNA-seq Data analysis

Gene counts were obtained by aligning reads to the mm10 genome using CellRanger
software (v1.3) (10x Genomics). Hashtag counts were obtained by using Cite-Seg-Count
package. Single cell data were analyzed using the Seurat package (Butler et al., 2018). Hashtags
were assigned to cells using the HTODemux function and doublets were eliminated from
analysis. Cells with less than 1000 UMIs or 400 genes and more than 4000 UMIs were also
eliminated from analysis. Tregs and naive cells were removed from analysis by using the

SubsetData function.
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Flow cytometry

Cells from colon LP were prepared as previously described (Sefik et el., 2015). Briefly,
Intestinal tissues were treated with RPMI containing 1 mM DTT, 20 mM EDTA and 2% FBS at
37°C for 15 min to remove epithelial cells, minced and dissociated in collagenase solution
(1.5mg/ml collagenase Il (Gibco), 0.5mg/ml Dispase (Gibco) and 1%FBS in RPMI) with constant
stirring at 37°C for 45min. Single cell suspensions were then filtered and washed with 4% RPMI
solution. For cytokine analysis, cells were treated with RPMI containing 10% FBS, 10ng/ml
phorbol 12-myristate 13-acetate (Sigma), 1uM lonomycin (Sigma) in presence of protein
transport inhibitor cocktail (eBioscience) for 3.5 hours. For intracellular staining of cytokines
and transcription factors, cells were stained for surface markers and fixed in eBioscience
Fix/Perm buffer overnight, followed by permeabilization in eBioscience permeabilization buffer
for 45 min in the presence of antibodies. Cells were acquired with BD Symphony and analysis
was performed with Flowlo (Tree Star) software. Flow cytometry T-SNEs were generated using
FlowlJo version 10 (Tree star).
Ultra Low Input RNA-Seq

IL17-GFP mice were gavaged with either C. Rodentium, S. Typhimurium or PBS, sacrificed
at day 13 and double sorted as CD45"CD4'TCRb"'CD44°CD25 GFP*. For sorting off the t-SNE,
cells were first analyzed on the cell sorter, and sorting gates that resulted in the selection of
specific regions on the flow cytomotery T-SNE were drawn for subsequent sorting. For sorting

MHCII hi vs Lo cells, cells were stained with antibodies against CD4, TCR-B, CD19, CD11b,
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CD11c, CD25 and CD44 and sorted on the BD Aria Il as CD11b” CD11c CD19 CD4" TCR-B* cD44"
CD25"° MHC hi or lo.

All cells were double-sorted. For the final sort, 1,000 cells were collected directly into
Sul lysis buffer (TCLBuffer (Qiagen) with 1% 2-Mercaptoethanol), Smart-seq2 libraries were
prepared as previously described (Picelli et al, 2014). Briefly, total RNA was captured and
purified on RNAClean XP beads (Beckman Coulter). Polyadenylated mRNA was then selected
using an anchored oligo(dT) primer and converted to cDNA via reverse transcription. First
strand cDNA was subjected to limited PCR amplification followed by transposon-based
fragmentation using the Nextera XT DNA Library Preparation Kit (Illumina). Samples were then
PCR amplified using barcoded primers such that each sample carries a specific combination of
Illumina P5 and P7 barcodes and pooled together prior to sequencing. Paired-end sequencing
was performed on an Illumina NextSeq500 using 2 x 25bp reads. Reads were aligned to the
mouse genome (GENCODE GRCm38/mm10 primary assembly and gene annotations vM16;
https://www.gencodegenes.org/mouse_releases/16.html) or human genome (GENCODE
Human Release 27; https://www.gencodegenes.org/releases/27.html; Reference genome
sequence: GRCh38/hg38; annotation: GENCODE v27) with STAR 2.5.4a
(https://github.com/alexdobin/STAR/releases). The ribosomal RNA gene annotations were
removed from GTF (General Transfer Format) file. The gene-level quantification was calculated
by featureCounts (http://subread.sourceforge.net/). Raw reads counts tables were normalized
by median of ratios method with DESeq2 package from Bioconductor
(https://bioconductor.org/packages/release/bioc/html/DESeq2.html) and then converted to

GCT and CLS format. Samples with less than 3 million uniquely mapped reads were
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automatically excluded from normalization to mitigate the effect of poor quality samples on
normalized counts.
Normalized read counts were filtered for robust expression (>10) to avoid confounders from
low-level noise, and processed in the Multiplot suite and  Morpheus
(https://software.broadinstitute.org/morpheus/), or with custom code in R.
Bone Marrow Chimeras

Bone marrow cells were harvested from both femurs and tibias of mice, and treated
with ACK buffer to remove red blood cells. CD45.1/CD45.2 mice were irradiated with 10 Gy and
reconstituted with equal proportions (~5 million cells each) of CD45.1 and CD45.2 (Ab KO) bone
marrow cells on the same day.
Multiplex ELISA

1000-10,000 cells were sorted as previously described (single sort) into 100 ul of T cell
medium (RPMI 1640, 10% FBS, 20mM HEPES, 1mM sodium pyruvate, 0.05mM 2-
mercaptoethanol, 2mM L-glutamine, 100 mg/ml streptomycin and 100 mg/ml penicillin). Cells
were plated in round bottom 96-well plates with 1:1 ratio of anti-CD3/CD28 beads (Miltenyi)
and were left at 37C for 24 hours. Supernatants were collected and analyzed with the
LegendPlex™ T Helper Cytokine Panel Version 2 and Proinflammatory Chemokine panel kits
(Biolegend) per manufacturer’s instructions. Samples were acquired via the BD Symphony and
analyzed with LegendPlex™ software.

Statistical analysis
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Mann-Whitney test was used to assess significance of clusterability of Pearson
gene:gene correlation clusters. Chi square test was used to assess significant correlations

between cytokines. Paired student t-test was used for significance of multiplex ELISA.

Methods for Treg section

Mice

Rosa26-Cas9 knockin mouse line (Platt et al., 2014) was purchased from the Jackson Laboratory
and crossed with Foxp3-IRES-Thyl.1 reporter mouse line (gift of A. Rudensky, Liston et al.,
2008) to generate the Rosa26-Cas9;Foxp3-Thy1.1 line (Cst-Cas9). B6.Ragl-/- and C57BL/6 mice

were obtained from the Jackson Laboratory. Foxp3'"= ¢

mice were a gift of T. Chatila (Lin et
al., 2007). All mouse breeding and experiments were conducted in an SPF facility at Harvard
Medical School according to protocol approved by Harvard Medical School’s Institutional
Animal Care and Use Committee (IACUC protocols 02954 and 05176).
Tumor induction

CT26 (Wang et al., 1995), MC38 (Corbett et al., 1975) , BRAF.PTEN (Dankort et al., 2009)
or B16.F10 cells (Fidler et al., 1975) (obtained from Dr. Arlene Sharpe) were cultured in vitro in
DMEM supplemented with 10% FCS, 1% Penicillin-Streptomycin, 1% L-Glutamine, 1% HEPES
before being injected subcutaneously (0.5 - 1 x 1076 in 100 ul PBS) in the flank. For MC38 re-
challenge, 1 x 1076 MC38 cells were injected into the opposite flank from the original tumor
site. Tumor diameters were measured at regular intervals using digital calipers. Ellipsoid tumor
volumes (mm?) were calculated using the formula: 0.5 x D x d®> where D is the larger diameter

and d is the smaller diameter.
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CRISPR-based screen

To induce LOF mutations in the genes of interest, CRISPR sgRNAs were expressed in
Tregs from Cas9-expressing transgenic mice by retroviral transduction. The vector also
expressed either a GFP or mRFP1 fluorescent reporter to track transduced cells (two colors
allowing for Tregs transduced with LOF or non-targeting sgRNA in the same mouse). We then
injected these Tregs into tumor-bearing alymphoid mice and compared the migration and
retention of these modified Tregs in the tumor by comparing the relative fraction of the
fluorescent reporter in the tumor and in lymphoid organs (“tumor depletion index”).
Underrepresentation of particular LOF Tregs in the tumors indicated that the gene of interest
promoted Treg accumulation in tumors. We validated that there was efficient LOF in Tregs by
targeting Cd4 and observing >95% decrease in protein levels by flow cytometry. sgRNAs.
sgRNAs were designed using the online tool “CRISPRko” to minimize off-target effects as well as

to increase efficacy [https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design

(Doench et al., 2016) (Dataset S7)].

Retrovirus production: To express the sgRNAs in Treg cells we cloned them into a
retroviral vector (Retro-gRNA) which also expresses the markers eGFP or mRFP1 (for use as
internal control in the same recipient mouse). Retro-gRNA was cloned from the MSCV-GFP
plasmid (Kamperschroer et al., 2002) by Gibson assembly of U6-gRNA cassette and EFla
promoter from the lentiCRISPR vector (Shalem et al., 2014). mRFP1 was cloned by Gibson
assembly in place of eGFP by digesting Retro-gRNA with Ncol and Notl. Cloning of individual
gRNAs was done by utilizing Bbsl sites, as previously described (Shalem et al., 2014). Retrovirus

was prepared by transfecting Platinum-E cells at 70% confluency on a 60 mm plate with 2.3 pg
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of Retro-gRNA and 1.5 pg of pCL-Eco using Mirus TransIT-293T reagent (Morita et al., 2000).
Medium was changed after 16 hours and the virus (2 ml) was collected and passed through a
0.45 p filter 48 hours after media change.

Treg culture and transduction: Tregs were isolated from spleens and lymph nodes
(pooled axillary, brachial, cervical and inguinal) of 8-10 week old Cst-Cas9 FoxP3-Thy1.1 mice.
Cells were first purified through negative selection by combining Biotin Binder Dynabeads
(Thermo Fisher) with biotinylated anti-Ter119, CD19, CD11b and CD8, and then by flow
cytometry after staining with anti-Thyl.1 and anti-CD4 (all antibodies from Biolegend). Tregs
were then activated in culture [10° cells per well in a 96 well plate in RPMI-1640 with 10% FCS
and 2000 U/ml human IL-2 (Peprotech) with anti-CD3/CD28 beads (Thermo Fisher) at 2:1
beads/cells ratio for ~40 hours]. Tregs were then spin-infected with 200 pl retrovirus
supplemented with 8 ug/ml polybrene and 2000 U/ml IL-2 for 2 hours at 2000 RPM at 34° C.
Cells were then cultured for 24 hours at 37° C in the IL-2-supplemented medium above. After
24 hrs, 2X10° Treg cells that were infected with each virus (eGFP- and mRFP1-tagged for target
and control sgRNA, respectively) were mixed with ~3X10° splenocytes from CD45.1 Foxp3'RES-CFP
mice, to prevent homeostatic expansion of the manipulated Tregs, and injected intravenously
into Ragl'/' recipient mice. Tumor induction (s.c. injection) of 5X10°> MC38 cells was performed
at the same time.

Evaluation of differential intratumoral Treg accumulation: To assess the homing and
retention of Tregs carrying each sgRNA in MC38 tumors, cell suspensions from tumors, spleens
and LNs were prepared and analyzed by flow cytometry (manipulated Treg cells being identified

as CD45.2°CD45.1 TCRb'CD4'Thy1.1%), and the proportion of Treg cells expressing the eGFP or
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MRFP1 reporters associated with the sgRNAs in each mouse were measured in spleen, LN and
tumor-infiltrating T cells. We then divided the percentage of reporter-positive cells in the tumor
by the averaged percentage of these cells in the spleen and LNs. We dropped from the analysis
samples in which the number of reporter-positive cells was less than 150.

CRISPR scar verification: To verify the efficacy of target gene inactivation by CRISPR
scarring, cell suspensions from tumors, spleens and LNs were prepared, and Treg cells sorted as
above. 1000 GFP+ Tregs were sorted directly into LoBind Tubes (Eppendorf) containing 6 pl of
Arcturus PicoPure DNA extraction buffer (Thermo Scientific), and incubated for 3 hrs at 65°C
followed by 10 min at 95°C. We then amplified the DNA using specific primers (Dataset S8) and
sequenced the PCR product. To assess DNA editing efficacy we used the TIDE algorithm
(Brinkman et al., 2014) to decompose the sequence. We eliminated from the analysis samples
in which DNA editing efficacy was less than 50%. Plasmids are available on Addgene under IDs

112914 and 116926.

Lentivirus cloning and production

The U6 promoter-Filler-gRNA scaffold-cPPT-PGK promoter fragment was cloned from
LentiCRISPR to pLKO.3G utilizing restriction enzyme sites Mlul and BamHI. mRFP1 was used to
substitute GFP sequence on plLKO.3G vector by Gibson Assembly. Annealing and
phosphorylation of sgRNA were conducted following protocol described by Shalem et al (2014).
Lentivirus was packaged using HEK293T cells. Briefly, 3.8 million cells in 10 ml DMEM
supplemented with 10% fetal bovine serum were plated into 10 cm dishes 24 hours before

transfection. For each dish of cells, 9 ug of psPAX2 plasmids, 1 ug of pVSVG and 9 g of
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pLKO.3G were used to co-transfect cells using TransIT-293 (Mirus Bio) reagent following
manufacturer’s instruction. Cells were changed with lentivirus collection medium (DMEM
supplemented with 10% FBS, 1% BSA, 3 mM L-Glutamine and 100 U/ml penicillin-streptomycin)
about 18 hrs post transfection. Supernatant was collected and filtered through a 0.45 um filter
30 hrs after medium change. Lentivirus was concentrated using PEG-it lentivirus concentration
reagent (System Biosciences). The infectious activity of the lentivirus on HEK293T cells was

measured before use.

LSK Bone marrow chimeras

Bone marrow cells were prepared from the tibia and fiber bones of the donor mice
without using FBS. Lineage (anti-CD4, CD8, CD11b, CD11c, CD19, Grl, NK1.1, Ter119), c-Kit* and
Sca-1" LSK cells were sorted using a MoFlo Astrios cytometer after enrichment of lineage’
populations using biotinylated antibodies and Dynabeads Biotin Binder (Thermo Fisher
Scientific). Sorted LSK cells were cultured overnight in StemPro-34 SFM medium (Gibco),
supplemented with 100 ng/mL recombinant murine SCF, FIt3 ligand, IL-7, and TPO (all from
PeproTech). Cells were then spin infected with concentrated lentiviruses at 650 g for 90 mins at
37 °Cin 96-well non-treated plate coated with 100 pug/mL Retronectin (Takara). Fresh complete
medium was used to replace the medium 1 hour after the spin. The next day, 50,000 LSK cells
were injected into irradiated (1,000 cGy) recipient mice intravenously via retro-orbital
injections. Host mice were given sulfamethoxazole in water during the first two weeks after LSK
cell transfer. Mice were sacrificed 10 to 12 weeks after transfer for further analysis.

Statistical Analyses
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Statistical significance, indicated by asterisks, was determined by Student t test (two-tailed,

unpaired). P values < 0.05 were considered significant: *P < 0.05, **P < 0.01, ***P < 0.001.
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Chapter 6: General Discussion



This study looks at two opposite aspects of immunity that mirror each other. On the one
hand, heterogeneity in Teff cells developed to better respond to pathogens and tumors. On the
other hand, Tregs, which can directly suppress Teff cells to dampen immune responses, needed
to adapt to this heterogeneity. Not surprisingly, Tregs can “hijack” some gene modules and
express “Th” transcription factors such as T-bet or RORyt (Levine et al., 2017 and Sefik et al.,
2015). Our preliminary data (not shown in thesis) suggest that Tregs adapt and change their
transcriptome depending on the type of immune response they need to suppress. For example,
upon Salmonella or Citrobacter infections, Tregs acquire many inflammatory genes and Type |
or Type lll effector molecules that perhaps make them more efficient at suppressing these
responses. Conversely, infection with Nippostrongylus or Heligmosomoides leads to many
Gata3+ cells that express some Type |l effector molecules.

In the first study, we used scRNA-seq to look at CD4 T effector cells heterogeneity in
vivo. The notion of T helper subsets, i.e. that different subpopulations of T cells perform
different effector functions, has existed for more than 30 years, and has been rarely challenged
since then. New T cell subsets such as Th17 and Tfh have emerged and added to the plethora of
proposed T cell subsets. These T cell subsets were usually discovered based on the cytokines
they produced, and their identity was thus inferred from their cytokine production profile.
Transcription factors that were unique to each cytokine producing subset and regulated the
production of cytokines were soon discovered, which led scientists to believe that these subsets
are truly unique and distinct cell types.

Despite many reports on T cell plasticity and T cells that co-express cytokines from

different “Th programs” most immunologists still use discrete terms to describe T helper cells,
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and these distinctions have even infiltrated other cell types such as macrophages (M1 and M2)
and ILCs (ILC1, ILC2 and ILC3). It is only human nature to classify objects into categories (Foroni
et al., 2012). However, psychologists showed that the application of category labels distorts the
judgements of the objects they describe (Foroni et al.,2012). This is why we think it is important
to not assign labels to non-discrete states.

Here, we propose a model that is not based on discrete T cell states, but rather a
continuum of states that is defined by contributions of various gene modules that are not
necessarily driven by classic Th gene programs. We speculate, that just like subatomic particles
in quantum mechanics, a cell is not either a Thl or a Th17, but is rather on a probability
distribution function that defines its probability to be in one state or the other, as well as its
velocity, i.e. its potential to become another state (plasticity).

Interestingly, we observed that most T effector cells from different infections clustered
separately from the effector T cells from SPF mice, which implied that the “infected” effector T
cells are at a different transcriptional state than the “steady-state” effector T cells. It is an
interesting observation, because T effector cells are already highly activated (express Cd44,
Cd69 and other markers), so this implies a “super-activation” state during infection. Cells that
perform the same function under the “Th dogma” such as IL-17A-producing cells are
transcriptionally distinct between SPF and infected mice, as they are “super-activated” during
infection. We also noticed a difference between IL-17 or IFN-y producers from different
pathogens, implying pathogen-specific gene signature.

It is interesting to note that every infection we tried produced an IFN-y response. We

thus speculate that IFN- y is basal response to pathogens and microbiota in the gut. At least in
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C57BL/6 mice in our colony and in Jackson Laboratories most of the mice are “Thi-like” at
steady state (SPF) and predominantly express T-bet and IFN-gamma in the colon with very few
IL-17 or IL-4 expressing cells. Since BALB/c mice are known to have a more “Type II”-like skewed
immune system, it would be of interest to explore their Teff transcriptional landscape and
compare it to the results we observed in C57BL/6 mice (Hsieh et al., 1995). IFN- y response has
also been shown to be dependent on infectious dose. For example, Trichuris muris infection at
low doses (40 eggs) causes chronic Type | response , whereas high doses (400 eggs) elicit a
strong Th2 response that leads to parasite expulsion by day 21 post-infection (Klememtowicz et
al., 2012). It would be of interest to see explore how the transcriptional landscape of Teffs
changes at different doses of the same pathogen.

We have also found that Th cells diversify their transcriptome upon infection, as
determined by the Gini-Simpson index (data not shown). The classic Th subset model might
suggest that upon infection with a particular pathogen, T cells get polarized towards a
particular response that is defined by a constrained set of cytokines that are helpful in
eliminating that particular pathogen (Th1 towards viruses intracellular pathogens, Th2 towards
helminths, Th17 towards extracellular bacteria). Our data suggest that, instead, effector T cells
diversify their transcriptome, perhaps to make sure that “all bases are covered”. For example, a
response to Salmonella elicits cells that produce IL-17A, IFN- y, CCL5 and cytotoxicity mediators
such as granzymes.

We found many genes that are anti-apoptotic (Bc/2) or pro-survival (Zfp3612, Fgl2,
Lmna), mainly found in the gene modules M14-EaAct and M12-CTX/Ccl5, are predominantly

expressed in CD4 T cells from SPF mice. Many of these genes are targets of IL-7, so it is possible
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that IL-7 is required for maintenance of LP CD4 T cells. We speculate that CD4 T cells in the LP
under SPF conditions are activated by either commensal bacteria or food antigens, but do not
develop a strong response due to various factors such as Treg inhibition or anergy. However,
they require survival signals to ensure that they do not undergo apoptosis despite this partial
activation. Interestingly, we found that many genes that are enriched in CD4 T cells from SPF
mice such as Vps37b, Junb, Fos, Zfp36/2 and Duspl, are also enriched in unstimulated ILCs
compared to ILCs from IL23-treated mice (Bielecki and Riesenfeld, 2018). This suggests a
common quiescence signature.

In addition to the continuum of T cell states, we found some novel and more discrete
cell clusters from the scRNA-seq dataset. One particularly intriguing one included Teffs that
express MHC class Il and other myeloid genes. While MHC class Il expression has been
extensively shown in human activated T lymphocytes, its expression in mouse T cells is still
controversial (Holling et al.,2004). Recently, however, the Tabula Muris consortium (2018) has
identified a very small population of T cells that express MHC class Il. Moreover, myeloid-
specific genes such as Lyz2 have not been shown previously to be expressed in T cells from any
organism.

Human T cells can actually process and present peptides and act as APCs, although they
are not as efficient in capturing antigen as APCs are (Lanzavecchia et al.,1988). Additionally,
Type lll innate lymphoid cells (ILC3s), which are closely related to T cells, were shown to
upregulate MHC class Il and present antigens in the intestine, thus dampening CD4+ T cell
responses to commensal bacteria (Hepworth et al., 2013). Recently, Akkaya et al. (2019) also

showed that Tregs can deplete peptide-MHC class Il complexes from DCs via trigocytosis.
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Under highly inflammatory conditions such as Salmonella typhimurium infection, CD4 T
cells interact very closely with MHC class Il. We hypothesize that some CD4 T cells pick up MHC
class Il protein from the APCs via trigocytosis, as has been previously shown (Akkaya et al.,
2019). Others, or perhaps the same cells, upregulate myeloid genes that are used for antigen
presentation or bactericidal genes. Our data suggest that MHC class Il may downregulate the
expression of other myeloid genes in a negative feedback loop. It is possible that under highly
inflammatory conditions effector T cells acquire these non-T cell function as a last resort to
fight a potentially deadly infection. MHC class Il upregulation can perhaps help with antigen
presentation without the help of APCs (which Salmonella can directly infect and kill, thus
depleting their pool), while bactericidal proteins can be secreted to directly kill bacteria.

Intriguingly, some leukemias such as Mixed-Phenotype Acute Leukemia (MPAL) express
both T cell and myeloid markers, and their cell of origin remains unknown (Charles et al., 2017).
It is possible that, if myeloid-like T cells are present in humans after infection, these cells can
give rise to MPAL. This population may also correspond to unusual CD3+CD14+ cells reported
by Burel et al. (2018) in human blood, which increase upon infection.

In a separate study, we examined Treg heterogeneity between tissues and disease
states. We found a set of genes that were differentially expressed between Tregs in tumors and
Tregs in other tissues in both mice and men and verified that some of these genes are
important for Treg accumulation in tumors. Tregs are a very heterogenous population just like T
effector cells, and they can take on different phenotypes depending on environmental cues and
the tissue they are in. We found that in the tumor context Tregs are more suppressive and are

more “Type | and Type lll-like”, as they overexpress suppressive genes such as //110 as well as
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genes that are important in Type | responses (Cxcr3 and //12rb1) and Type Il responses (Rorc
and //17a). Using CRISPR/Cas9 we found 3 novel genes that upon loss of function in Tregs
caused their decreased accumulation in tumors: Tnfrsf8 (encoding for CD30) and Cxcr3 are both
surface receptors that are expressed by activated T cells. Samsn1, which encodes a scaffold
protein/adaptor, does not have a known immune function and is intracellular. It would be
interesting to explore its role in Treg biology by creating a Treg specific knockout mouse model.

These studies could have therapeutic consequences. Currently, auto-immune diseases
as well as cancer are classified and treated according to their Th subtype. For example, anti-
TNF-a therapy is given to rheumatoid arthritis patients, and anti-IL17 has recently been
approved for severe psoriasis. Perhaps new therapies such as combination of biologics that
target both “poles” of the Th continuum, or small molecules that target upstream regulatory
proteins that drive the T cell continuum, should be considered. For example, IL17-producing
cells can also secrete TNF-a and IFN-y, so targeting IL17 alone may not be as efficient as
targeting upstream regulators or both Type | and Type Il cytokines.

We also think that targeting the novel genes that we found to be important for Treg
acuumulation in tumors could have therapeutic benefits. Monoclonal antibodies targeting
CXCR3 or CD30 might prevent Treg accumulation in tumor, and thus be a viable therapeutic
strategy in cancer patients. SAMSN1, though an unknown intracellular target, could also be

targeted by other means such as small molecule inhibitors or CRISPR/Cas9 gene editing.
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Abstract

FoxP3" T regulatory (Treg) cells are a central element of immunological tolerance. They
are abundant in many tumors, where they restrict potentially favorable anti-tumor responses.
To identify genes related to Treg presence and function in the tumor micro-environment, we
used a three-pronged strategy. Gene-expression profiles were generated from tumor-
infiltrating Tregs (TITR) of both human and mouse tumors, and were compared with those from
Tregs of lymphoid organs or normal tissue from the same individuals. A computational
deconvolution of whole-tumor datasets from the Cancer Genome Atlas (TCGA) was performed
to identify transcripts specifically associated with Tregs across thousands of tumors from
different stages and locations. We identified a set of TITR-differential transcripts, with striking
reproducibility between tumor types in mice, between mice and humans, and between
different human patients spanning different tumor stages. Many of the TITR-preferential
transcripts were shared with “tissue-Tregs” that reside in non-lymphoid tissues, but a tumor-
preferential segment could be identified. Many of these TITR signature transcripts were
confirmed by mining of TCGA datasets, which also brought forth transcript modules likely
representing parenchymal attraction of, or response to, tumor-Tregs. Importantly, the TITR
signature included several genes encoding effective targets of tumor immunotherapy. A
number of other targets were validated by CRISPR-based gene inactivation in mouse Tregs.
These results confirmed the validity of the signature, generating a wealth of leads for
understanding the role of Tregs in tumor progression, and implicating potential targets for

cancer immunotherapy.
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Significance Statement

FOXP3+ Treg cells dampen immune responses in many environments, and in particular
tumors, where they contribute to cancer’s resistance to immunological defenses. This very
broad analysis of tumor-infiltrating Tregs has identified a set of genes that are preferentially
expressed by these Tregs in different species, tumor models or cohorts, and types or stages of
tumors. This striking commonality suggests that there are core mechanisms that tumors use to
attract and mold Tregs, whose perturbation should unleash anti-tumor immunity. Experimental
validation by genome editing provides a proof-of-concept for the relevance of these genes in

TITRs.
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Introduction

Regulatory T cells (Tregs) characterized by the transcription factor FoxP3 are critical for
maintaining immunologic homeostasis, enforcing tolerance to self, and preventing runaway
immune responses (1, 2), in both mice (3, 4) and humans (5). Tregs regulate the activation and
differentiation of conventional CD4" T cells (Tconv) but also of many other cell lineages within
the innate and adaptive immune systems, through a variety of effector mechanisms (reviewed
in (6)). There is also an increasing realization that Tregs have extra-immunologic roles in the
homeostasis of several tissues, controlling the noxious side-effects of inflammation ensuring
effective tissue repair, and otherwise promoting homeostasis (7, 8).

Tregs are often found at elevated frequency in tumors relative to blood or lymphoid
organs in human cancer patients and mouse models (9, 10). For a number of cancers, but not
all, a high density of Tregs correlates with poor prognosis (reviewed in (9, 11, 12)). However,
correlative analyses of this nature can be misleading because the abundance of Tregs in a locale
tends to track with the extent of overall immunocyte infiltration. Causal involvement of Tregs in
tumor progression was first demonstrated in mice, where their depletion via administration of
anti-CD25 antibody inhibited or reversed several tumors (13). These and other studies (14-19)
showed that Treg depletion increased the number of CD4" and/or CD8" effector T cells (Teffs) in
the tumor, associated with robust tumor-specific killing activity. Thus, tumor eradication in
these settings was due, at least in part, to removal of Treg-mediated suppression of the anti-
tumor immune response. Similarly, the success of several FDA-approved immunotherapies for
cancer (e.g. anti-CTLA-4 and anti-PD-1) may be attributable to their effects on Tregs in addition

to promoting Teff killing (14, 20-22).
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There are several indications that the phenotypes of TITRs are distinct from their more
generic Treg counterparts found in lymphoid organs. For instance, human TITRs express the cell
surface receptor NRP1, which is absent from Tregs in blood or lymphoid organs (23). Analyses
of tumor-infiltrating Tregs in colorectal and breast tumors showed that they are highly
suppressive, expressing a number of markers associated with “activated Tregs” (aTregs) (19, 24-
28). These aTreg characteristics are also over-represented in tissue-Tregs (8).

At present, immunotherapies approved for use in human cancers often have significant
side-effects. Some are of short duration but can be life-threatening, and require intensive-care
management; others lead to long-lasting autoimmune and auto-inflammatory pathologies, of
the types that might be predicted to result from Treg depletion or incapacitation (reviewed in
(29, 30)). The ideal therapy to release the inhibition imparted by Treg cells on anti-tumor
immune responses would be tumor-selective in its effect, target tumor-infiltrating Tregs (TITR)
while not affecting Tregs in general to avoid autoimmune consequences, or tissue Tregs to
avoid homeostatic perturbations in other organ systems.

Our goal was to identify genes differentially expressed in TITRs relative to Tregs found in
secondary lymphoid organs and normal non-lymphoid tissues, in both human patients and
mouse models. We followed a three-pronged strategy: gene-expression profiling was
performed on fresh Tregs from human or mouse tumors, and profiles were compared with
those of Tregs from lymphoid organs or normal tissue. In parallel, we conducted a bioinformatic
analysis of large datasets from whole tumors in TCGA, to ferret out transcripts specifically
associated with Treg cells across large numbers of tumors. The combined analysis identified a

number of candidate genes encoding plausible targets of anti-tumor immunotherapy. Direct
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perturbation of some of these proteins by CRISPR-based genetic ablation validated our

approach, and provided exciting leads for cancer immunotherapy.
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Results

We followed the multi-pronged approach described in Fig. 1, which provided three
orthogonal and cross-validating datasets. First, we purified and profiled TITRs from three
transplantable tumors in mice, comparing these profiles with those of Tregs and other
lymphocytes from various lymphoid and non-lymphoid organs. Second, we purified and profiled
TITRs from patients with colorectal tumors, in comparison with Treg cells from normal colon
tissue of the same donors. Both of these approaches should identify transcripts and pathways
that distinguish TITRs from both standard, lymphoid-organ Tregs and non-lymphoid-organ
Tregs. Third, we broadened the scope of the data by mining whole-tumor datasets from several
different tumor types, generated by TCGA ((31); TCGA Research Network:
http://cancergenome.nih.gov/.), to identify genes whose expression correlated specifically with
that of the gene encoding the Treg-defining factor FoxP3. Each of these datasets was analyzed
alone, and so their intersection defined high-confidence predictions, conserved across species

and tumor-types, of gene signatures specifically active in tumor-infiltrating Tregs.

Transcripts specific to mouse tumor-Tregs.
We primarily used three mouse models of cancer, namely the transplantable MC38 and
CT26 colon carcinomas and B16 melanoma. In each case, tumors were inoculated

o .
subcutaneously into immunocompetent FoxP3'"* "

reporter mice (32), such that Treg cells
could be sharply and uniquely identified by the fluorescent GFP reporter (Fig. 2A). After

establishment and growth of these tumors (21 days), immunocytes were isolated from tumors
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and spleens, and Tregs were highly purified (cytometric double-sorting; Fig. 2A) for gene
expression profiling (in biological triplicates).

As illustrated in Fig. 2B, several hundred transcripts were significantly altered in Treg
cells of each tumor compared with corresponding splenic Tregs. Some differences were very
pronounced, greater than 20-fold. The majority were over-expressed in TITRs relative to spleen
Tregs, suggesting inductive events operating in the tumors. Moreover, the vast majority of
genes differentially expressed in TITRs from one tumor model were similarly affected in others
(Fig. 2C, Dataset S1). That the tumor-Treg-specific signature is quasi-identical in tumors as
different as melanoma and colon carcinoma suggests that these inductive events represented a
recurrent response of Tregs to tumor micro-environments.

We then asked which of these differential transcripts were specific to Treg cells, or
might be activated in all lymphocytes found in the tumor micro-environment. Comparing the
tumor/spleen ratio in CD8+ T or Tconv cells to that seen for Tregs (Fig. 2D) indicated that many
of the transcripts altered in TITRs were also changed in these other intra-tumoral lymphocytes.
This trend was not absolute, however, 10 to 15% of the transcripts being uniquely induced in
TITRs, but not in the other T cells tested. To better delineate TITR-specific transcripts, as
opposed to those equally expressed in other tumor-infiltrating lymphocytes, we performed a
direct comparison of expression levels between tumor-infiltrating lymphocytes. A large fraction
of the transcripts that distinguished TITRs from spleen Tregs (red highlights in Fig. S1A) were
indeed over-expressed in TITRs relative to CD8+ or Tconv cells.

As introduced above, there is growing awareness that Tregs have an extra-immunologic

role in several tissues, regulating the harmful side-effects of inflammation and promoting
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effective tissue repair and otherwise ensuring tissue homeostasis. Given our goal to identify
molecules specific for TITRs, as opposed to Tregs in other locations, and because some of the
transcripts overexpressed in TITRs were reminiscent of non-lymphoid-tissue Tregs, we
compared the transcriptomes of these two Treg classes. For Fig. 2E, we calculated the mean of
fold-changes in several tissue Tregs relative to spleen (data from visceral adipose tissue, injured
muscle and colonic lamina propria; (33)) and plotted these vs the mean of fold-changes
between TITRs and corresponding splenic Tregs (averaged from the tumor models described
above). Several points can be made. First, and as previously noted (27), there was a strong
relationship between TITRs and non-lymphoid-tissue Tregs, with a strong correlation overall,
and many genes that showed very comparable induction or repression in the two cases (green
highlights in Fig. 2E). This correspondence is not surprising, as one might expect that some of
the cues that drive Tregs to normal tissues might also apply to tumors. Second, there were,
however, transcripts with a stronger bias in Tregs within normal tissues (blue in Fig. 2E, e.g.
1110, Fos, or Areg) or tumors (red). The latter included 1/12rb2, Tnfrsf9 and Cd274. To better
separate tissue-Treg- and TITR-specific transcripts, we used a Principal Components Analysis
(PCA) approach. As illustrated in Fig. S1B, the first PC was strongly related to the TITR/spleen
differential, but also brought out clearly the transcripts that fell off the main line because of
over-expression in tissue-Tregs (e.g. 1110, Areg, Ctla2a and Ccr5). Further, when we generated
new data to compare the transcriptomes of TITR and colon-resident Treg cells, versus splenic
Tregs, from MC38 tumor-bearing mice (Fig. S2), we observed a similar distribution of transcripts

as that shown in Fig. 2E. Moreover, when the gene-set from Dataset S1 (described below) was
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highlighted on these data, it was apparent that while certain transcripts were shared between
TITR and tissue Tregs, others were indeed preferentially expressed in TITR.

These comparisons highlighted a large number of transcripts differentially expressed in
TITRs from several tumor types relative to generic Treg cells from lymphoid organs, but with
significant overlap with other cells (tissue-Tregs, other tumor-infiltrating T cells). Since our
intent was to identify a gene-set that most specifically characterized TITRs, we selected 139
transcripts based on a combination of criteria: >3-fold over-expression in TITRs relative to
spleen Tregs for MC38, B16 or CT26 (with p <10%), over-expression in TITR relative to tumor
CD4+ or CD8+ T cells (>2), high value in the PC that distinguished tumor- from tissue-Tregs
(Dataset S1). We also discarded a group of differential transcripts typical of tumor-infiltrating
myeloid cells (identified using myeloid cell signatures from the ImmGen database; this
contamination was difficult to completely eliminate from the sorts in spite of stringent negative
controls and flow sorting). Interestingly, our gene-selection pathway led us to transcripts
encoding proteins already recognized for their role in Treg function and/or costimulation (Ctla4,
Tigit, Tnfrsf9 (encoding 4-1BB). We also noted that genes like Cd274, Icos and Lag3 narrowly
missed the selection criteria. The presence of such genes in our TITR gene-set lends credence to
their lesser known counterparts in the same gene-set, and argues that they might constitute

effective targets for Treg modulation.

Transcripts specific for human colorectal tumor Tregs.
In the second arm of our study, we purified Tregs from twelve surgically resected and

cryopreserved human colorectal carcinomas (CRC) or normal colon tissue, often from the same
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donors. These tumors spanned a range of stages from early (stage I, IIA) to late (stage IlIB)
CRCs. The usual criteria (CD25"CD127'°) were used to identify and double-sort Tregs to high
purity. As in the mouse models, and as previously reported in human tumors (27, 34-37), Tregs
represented a higher fraction of tumor CD4+ T cells (20.0 + 4.8) than in normal colon (7.7 £ 4.9;
Fig. 3A). RNAseq was performed on these purified Treg samples. Differential gene-expression
analysis, comparing all tumor-Tregs with all colon Tregs as a group, revealed a significant bias in
the transcriptome of human TITRs (Fig. 3B). As in the mouse models, these differential
transcripts were mostly over-expressed in TITRs relative to Tregs from normal tissues, and
included several encoding proteins previously recognized to have costimulatory function
(TNFRSF4, TNFRSF9, TNFRSF18 (aka OX40, 4-1BB, GITR, respectively). Interestingly, FOXP3,
itself, was over-expressed relative to colonic Tregs, suggesting that the TITR environment
specifically activated the FOXP3 locus. Some transcripts were down-regulated in TITRs, which
surprisingly included genes encoding proteins known to be involved in Treg function, such as
CXCR5 and IL10 (38-40). CCR7 is typical of resting “rTregs” (41), and its reduction points to an
increase in activated “aTreg” phenotypes among TITRs. The drop in /L10 suggests that different
suppressor mechanisms may come into play in Treg cells from tumors relative to normal colon.
From these data, we selected a set of 408 genes (355 UP, 73 DN; Dataset S2) that
distinguished TITR from normal-tissue Tregs based on a combination of criteria (mean overall
fold-change, or high fold-change in at least two patients; see Methods). Importantly, these
differences in gene expression were very reproducible between individuals (Fig. 3C),
irrespective of the stage of CRC examined (namely stages |, lIA, IlIB), a pattern that was not

necessarily expected given the heterogeneity of human genetics and the various tumor stages

120



represented in our samples. To further test the generality of our TITR signature, we compared
the overlap with recently published Treg datasets from non-small-cell lung cancer (NSCLC) (28),
breast cancer (27), and hepatocellular carcinoma (37). Indeed, there was marked overlap, as
illustrated for breast cancer TITRs in Fig. 3D. Thus, the TITR signature is indeed a general one
shared among multiple cancer types.

We then investigated the composition of these UP and DN signatures. GeneOntology
analysis was not informative, yielding mainly generic categories. As for the corresponding
selection for mouse TITRs, a number of transcripts encoding proteins implicated in aTreg
differentiation (e.g. several members of the TNFR superfamily (GITR, 4.1BB, OX40 and CD30), or
chemokine receptors (CCR1, CCR5, CCR8)) were present. Accordingly, a number of these
transcripts were associated with the cell cycle (Dataset S2), and Enrichr motif analysis brought
out FOXM1 as a transcription factor likely to be controlling a portion of these TITR-specific
transcripts, particularly those associated with the cell cycle (Fig. 3E). The set also included a
cluster typical of Th17 cells (IL17A, IL17F, 1L22), in keeping with previous results showing RORyt-
dependent expression of these cytokines in human colon tumors (42).

Lastly, we asked whether the genes over-expressed in TITRs within mouse tumors were
also differentially represented in human TITRs. Indeed, there was significant overlap of the
tumor-Treg signature between the mouse and human data-sets (Fig. 3F): 77 of 90 transcripts
up-regulated >4-fold in TITR vs splenic Tregs in the mouse were also over-represented in human
TITRs relative to normal colonic Tregs (chisq p <10™°). Conversely, highlighting the human TITR-
upregulated signature on the mouse tumor/tissue comparison (per Fig. 2E) showed a strong

bias towards over-expression in tumors, mainly tumor-preferential (Fig. 3G). These results
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clearly demonstrate conservation of the tumor Treg signature across species, and provide

validation for the relevance of the mouse results.

Genes correlated with Tregs in TCGA tumor datasets.

In the third arm of this work, the analytical logic was different. FoxP3 is the key
transcription factor that defines Tregs and determines much of their transcriptional identity (1).
Thus, genes that are specifically expressed in TITR, relative to other tumor-infiltrating
immunocytes, should exhibit a tight correlation with FOXP3 transcripts across panels of gene-
expression profiles generated from whole tumors. To this end, we took advantage of TCGA, a
publically available database of gene expression in 33 types of cancer from more than 11,000
patients. We selected the RNA Sequencing data for 4 types of cancer, representing different
frequencies of mutational load, and hence likelihood of anti-tumor immune response (43)
(colon, breast, pancreas and lung, with 285, 1093, 178 and 501 tumor samples, respectively).
First attempts at correlation with FOXP3 transcripts in these datasets brought out a large
number of genes, many of which were typical of non-Tregs (e.g. immunoglobulin transcripts
from B cells). This observation indicated that the proportion of Tregs in the tumor samples was
parallel to the overall degree of infiltration by immune cells in general, which is known to vary
quite widely between individual tumors (9).

To account for, and computationally remove, this confounder, we mathematically
regressed out the general degree of infiltration, in an approach algorithmically similar to those
used in estimating the abundance of tumor-infiltrating cells (44, 45). First, we curated

prototypical signature gene-sets corresponding to the major types of immunocytes that can be
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found in a tumor (B cells, dendritic cells, eosinophils, mast cells, macrophages, neutrophils, NK
cells and T cells; Dataset S3). For each sample, we calculated an average infiltrate index for
each cell type k using these marker genes, and then used the cell-type indices as covariates in a
linear model for each gene i (Yi=Bo+ZPk *Cell_Index+¢). We used the residual of this fit as a
measure of gene-expression independent of the degree of infiltration into each tumor, and
correlated each gene’s residual expression with FOXP3 expression levels (using bootstrap
permutation of samples or of signature gene-sets to demonstrate the robustness of the
procedure, and compute 95% confidence intervals; Fig. S3, Dataset S4). Fig. 4A displays
genome-wide correlations with FOXP3 expression before and after removal of the infiltrate
component (averaged across the 4 tumor types; individual tumor plots in Fig. S4A). In keeping
with our hypothesis, the correlation with FOXP3 expression essentially disappeared for most of
the transcripts, although for a minority of genes the correlation with FOXP3 remained high
(validity supported by disappearance in randomly permuted datasets, Fig. S4B). These
transcripts included some encoding well-known Treg-specific proteins such as IL2RA or those
encoding the costimulatory molecules CTLA4, and ICOS. These transcripts had high initial
correlation, which largely persisted in the regressed data (area 1 in Fig. 4A). Another group of
transcripts showed low initial correlation with FOXP3 expression, which increased after the
correction (area 2). Importantly, these correlation patterns were similar in different types of
tumors (Fig. 4B, S4), again indicating that the TITR-specific transcriptome was largely shared
between human tumor types. In addition, these FOXP3-correlated transcripts were not simply a

rediscovery of the classic Treg signature (46): only a limited fraction of the Treg-up signature
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was positively correlated with FOXP3 expression, as illustrated for the breast and lung tumor
datasets in Fig. 4C.

To assess the uniformity of expression of FOXP3-correlated transcripts across individual
tumors, we selected 219 with the highest post-regression correlation, and investigated their
distribution in the four tumor data-sets (Fig. 4D, Dataset S5). Their levels were clearly not
uniform across tumors. Some gene modules varied in lockstep between individual tumors, in
patterns that carried across tumor types, underscoring the robustness of these relationships
and hinting at a common and fundamental mechanism of interaction amongst tumors and the
immune system.

In principle, the correlation between these 219 transcripts and FOXP3 transcripts could
have three roots: (i) expression in TITRs, themselves; the classic Treg-associated transcripts of
area 1 clearly belong to this class. (ii) expression connected to mechanisms that draw or retain
Tregs into tumors and control their abundance; or (iii) expression that results from Treg
presence and activity. To best resolve the co-regulated modules observed in Fig. 4D, we
computed a gene-gene correlation matrix from the expression of these 219 genes in each
tumor (averaged heatmap in Fig. 4E, individual tumors in Fig. S5). Several strong modules
emerged, which were almost identical in all four tumor types, as predictable from Fig. 4D.
These modules were of very different composition, as evidenced by their expression levels in
the tissue data-sets from the GTEx database (47) (Fig. 4F). Correlated Set (CS)1 was composed
of transcripts primarily encoding collagen or matrix metalloprotease of the ADAM family, which
are not expressed in Treg cells or lymphoid cells, but in fibroblasts or connective tissues. CS2

corresponds to a subset of cell-cycle-related transcripts (high in leukemic cells and testis). The
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previously observed TITR transcripts (IL2RA, CCR8, TIGIT, CD80, ICOS, etc) grouped in a more
loosely correlated region (CS3). Transcripts of CS4 were less distinctive, but included number of
histone/protein modifiers (HCFC1, BRD4, SETD1A/B). Thus, correlation with FOXP3 expression
brought forth, in addition to TITR-specific transcripts, distinct correlated gene modules whose
expression segregates in many tumors, and which may be causally related to Treg presence or

activity.

Data integration

Next, we integrated these three inputs in order to compare their outcomes and to select
the set of transcripts most specific for TITRs across different tumors. Since the actual data and
their distribution were different, we opted to combine the rankings of orthologous genes in the
two species, rather than the expression metrics. For the human TITR data-sets, each gene was
ranked according to its expression in TITRs of each tumor sample relative to batch-matched
Tregs from normal colon tissue, and then these ranks were summed. For the mouse TITR data-
sets, genes were similarly ranked by their over-expression in TITRs within the three tumor-types
relative to matched splenic Tregs, and these ranks were also summed. Fig. 5A displays the
comparison of these overall scores for human and mouse TITRs. Consistent with the trans-
species conservation of TITR-specific gene expression described above, there was a strong
correlation between these rankings (r=0.34, p<10™°). A group of transcripts was on top of the
ranking for tumor-specificity in both species, and the gene list selected on the basis of mouse
tumor data (Dataset S1) included many transcripts with high rank in the human data-sets (Fig.

S6A). Some genes led the ranking for over-expression in human TITRs but not in mice (and vice-
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versa), suggesting that at least some were species-specific (or might be tied to “natural” vs
transplanted tumors). Genes that correlated with FOXP3 in the TCGA data were also high in the
rankings for over-expression in human and mouse TITRs (Fig. S6B), as more directly shown in
Fig. 5B. Many of the highest ranked Treg transcripts also showed the highest association with
FOXP3 transcripts in the TCGA datasets (e.g. CCR8, TNFRSF9, IL21R), although this was not
always the case (e.g. DUSP4). From these three orthogonal inputs, also integrating TITR:tissue
Treg and TITR:CD8 differential data, we assembled a list of 108 genes most differentially

expressed and best correlated with tumor Tregs (Fig. S6C, Dataset S6).

Experimental validation of TITR-specific targets

It was of importance to validate the relevance of these gene sets to TITR physiology,
both to understand how they might mechanistically modulate TITR activity and to serve as
potential therapeutic targets. We examined the importance of C3AR1, IL12RB2 and IL1RL1 (ST2)
using available strains of conventional knockout (KO) mice. MC38 tumors were induced in KO
mice and their wild type (WT) littermates, and tumor growth was measured over time (Fig. S7).
There was no significant difference in tumor growth between the KO and wild-type (WT)
littermates for the genes examined, except for the Treg-specific ILIRL1 (ST2) KO group.

Simultaneously, we performed a systematic in vivo screen of the top-ranked TITR-
specific targets by creating loss of function (LOF) mutations in the protein-coding regions by
adapting the CRISPR/Cas9 system (48) to specifically edit Treg cells, assessing differential
representation in the tumor relative to lymphoid organs (Fig. 6A, Dataset S7). Tregs were

purified from transgenic mice expressing both the Cas9 protein (48) and the FoxP3-Thyl.1
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reporter (49), activated in vitro, and were transduced with retroviral vectors encoding the
targeting single-guide RNAs (sgRNAs) of interest. Pairs of retroviral vectors expressing two
different fluorescent proteins (GFP and RFP) were used, which allowed us to label and compare
Tregs carrying targeting or control sgRNAs in the same mouse (and thereby increase the
informativity of each mouse). Transduced Tregs were then transferred together with “filler”
splenocytes (to avoid homeostatically driven expansion) into alymphoid RAG-deficient mice,
which concomitantly received MC38 tumor cells. After 18 days to allow for tumor growth and
Treg homing, we analyzed the distributions of Treg cells carrying each of the targeting or
control sgRNAs in the tumor relative to lymphoid organs, calculated as a “tumor depletion
index” (Figs. 6B and C). By DNA amplification and sequencing we also ensured that the target
genes were efficiently edited (estimated as > 50% in all cases). The compiled results showed
that several of the LOF mutations had no impact on TITR proportions, but three of them did:
Tnfrsf8 (encodes CD30), Cxcr3 (a chemokine receptor) and Samsnl (an intracellular signaling
adapter). This first Samsn1 LOF result was validated with four independent sgRNAs targeting
different regions of Samsn1. Each sgRNA decreased Treg accumulation in the tumors (Fig. 6D),
confirming the effect.

Overall, these proof-of-concept results indicated that some of the TITR transcripts
highlighted in Dataset S6 encoded functionally relevant proteins and might, indeed, serve as

valuable targets for cancer immunotherapy.
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Discussion

Our goal was to identify genes differentially expressed in TITRs from various origins,
relative to generic Tregs from secondary lymphoid organs or Tregs from non-lymphoid tissues,
as a means to better understand the unique biology of Treg cells in tumors and to identify
potential targets for immunotherapy. A similar motivation has driven previous studies, but we
adopted a broader, multi-pronged strategy that spanned species, harnessed the large TCGA
datasets, and performed proof-of-concept experimental validation. Our complementary
approaches also rested on different principles, namely differential expression between Tregs in
tumors and non-lymphoid tissues and transcript correlations with FOXP3 expression. This
combination strategy allowed us to identify a TITR-specific signature of unexpected constancy.
There was a very strong overlap between the transcriptomes of Treg cells infiltrating tumors
and non-lymphoid tissues, which is perhaps not surprising as some of the signals that permit
Tregs to accumulate in tissues might also allow their residence in tumors. These commonalities
did present a challenge for defining TITR-specific transcripts, but we were ultimately able to
distil a subset of transcripts with marked tumor preference. The power of our strategy was
validated by the “re-discovery” of several established targets of tumor immunotherapy (CTLA4,
TIGIT; and PD-L1 and LAG3 barely missing our thresholds). Such validation provides credibility
for the lesser-known genes in our TITR signature being potential targets for preferentially
modulating TITRs.

A striking convergence of TITR signatures was apparent between tumor types in mouse
models, between mouse and human TITRs, and between different patients with the same

tumor. It also extended to the large sets of tumors in TCGA data-sets, for which careful
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computational parsing uncovered the same core signature of FOXP3-correlated genes was
observed in every tumor-type tested. In addition, there was a strong overlap with differentially
expressed transcripts recently reported in more focused studies of Tregs from human lung,
colorectal (28), breast (27) and liver (37) tumors. This convergence implies that a fundamental
mechanism must be at play to allow such diverse tumors to elicit the same response. From a
practical standpoint, it means that the same pathways might be effectively targeted by
immunotherapy to relieve the dampening of anti-tumor responses by TITRs in many tumor
types.

While the bulk of the TITR signature was indeed shared by different cancers, we were
able to identify a handful of TITR transcripts specific to CRC when we compared our data with
previously reported profiles from breast cancer Tregs (Fig. 3D). These CRC TITR-specific genes
included loci encoding cytokines typical of Th17 cells (IL17A, IL17F, IL22) and RORC, the major
driver of Th17 cell differentiation. This observation is consistent with a previous report of
RORyt-dependent expression of Th17 cytokines in Tregs from human colon tumors (42), and
with the microbiome-dependent RORyt+ Tregs that are found electively in the colon (33, 50).
Thus, beyond a core TITR signature shared in all tumors, individual locations can imprint an
additional local component on TITRs. Similarly, some transcripts were noted as differential only
in one species, such as //I21R which had a strong differential score in human but not mouse
TITRs.

Finally this multipronged exploration, and particularly the TCGA arm, revealed sets of

transcript modules that correlated with TITR levels, but were not TITR transcripts themselves. It
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will be interesting to explore the leads opened here, for instance by assessing how ADAM and
collagen gene expression might help Tregs accumulate in the tumors.

Beyond providing a detailed landscape of the strikingly constant phenotype adopted by
TITRs in the tumor environment, these explorations yielded sets of transcripts encoding
proteins that might be effective targets for immunotherapy through relief of the brakes that
Treg cells impose on anti-tumor responses. There could be several roots for the over-expression
of a particular molecule in TITRs, which condition the actual therapeutic strategy. Some might
be over-expressed because they are required by TITRs to survive specifically in this
environment: chemokine receptors, for instance, are needed for TITRs to accumulate in tumors.
Blocking them or reducing their expression could exclude TITRs from tumors. Other molecules,
in contrast, might instead denote negative feedback loops that exist in all biological systems,
and instead act to limit TITR over-expansion; their elimination might actually benefit TITRs. Still
others might be upregulated in response to stimuli in the tumor microenvironment but play no
role in Treg survival or function therein.

Given this diversity, we used parallel genetic approaches to test the significance of the
genes revealed by these parallel genomic comparisons. A few could be tested in knockout mice,
but we leveraged editing by CRISPR/Cas9 to assess systematically how their inactivation
affected Treg accumulation in the tumor. This approach was particularly valuable for
intracellular targets such as Samsnl, which cannot be easily probed by mAb infusion. In this
way, 3 of the 14 targets tested showed a significant effect of editing. One limitation of the
genetic approach, with regards to potential therapeutic application, is that it is blind to effects

of blocking the encoded protein, or of killing TITRs by complement or ADCC mechanisms, which
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could be revealed by mAb treatment and therapeutically valuable. For example, editing CCR8 in
Tregs did not lower their accumulation in tumors, but our preliminary explorations show that
mAb engagement of CCR8 caused a tumor mass reduction in treated mice. Thus, CCR8 may not
be uniquely indispensable for TITR recruitment or survival in tumors (redundancy is not
uncommon in chemokine networks), but it might serve as a worthwhile mAb target. Moreover,
the other targets for which LOF mutations had no impact on TITR proportions should not
necessarily be excluded from exploration as therapeutic targets by other means of
perturbation.

In conclusion, this multi-pronged study has opened many perspectives and leads on
genomic aspects of Tregs in tumors, pointing to specific transcriptional programs that could be

harnessed to lift the immune inhibition by Tregs in multiple cancer contexts.
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Figure 1. Schematic of multi-pronged work flow. This flow chart describes the generation of our three
independent and cross-confirming datasets. 1. Purification and profiling of Treg cells infiltrating three
different transplantable tumors in immunocompetent mice. 2. Purification of TITR cells from patients
with colorectal tumors, and comparison of their gene expression profiles with those of Treg cells
purified from normal human colon (many from the same donors). 3. Mining of large datasets from TCGA
for genes whose expression correlated with that of the Treg-defining factor FOXP3. Ultimately, these
three datasets were combined to identify genes specifically overexpressed in TITRs.
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Figure 2. Identification of TITR signature. A. Exemplar gating used for FACSorting Tregs from three
different mouse tumor models (B16, MC38, CT26). Mean * SD of Treg population size (as % total CD4" T
cells) is noted. B. Volcano plots showing the FoldChange (FC) in gene expression between TITR and
splenic Tregs for each of the mouse tumor models examined. Genes with FC in expression > 3 (red) or < -
3 (blue) in TITRs versus splenic Tregs are highlighted and enumerated. C. FC x FC plots depicting the FCin
expression of genes in tumor versus spleen for one tumor type versus another tumor type (left) B16 x
MC38, (right) B16 x CT26. Additive, filtered gene-sets (genes with FC in expression > 3 (red) or < -3 (blue)
in TITRs versus splenic Tregs, for each of the three transplantable tumor models are highlighted. D.
Comparison of tumor/spleen FC in CD8+ T or CD4+ Tconv with that seen for Treg cells. The additive TITR
gene sets described in C are highlighted here. E. Comparison of transcriptomes between TITR and tissue-
resident Treg cells. Mean FC in several tissue Tregs (visceral adipose tissue, injured muscle and colonic

lamina propria) relative to splenic Tregs (x-axis) versus mean FC in TITR relative to splenic Tregs (average
of tumor models noted above; y-axis) is shown.
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Figure 3. Conservation of TITR signature across species and individual human colon cancer patients. A.
Exemplar gating used for FACSorting Tregs from patient samples. Mean + SD of Treg population size (as
% total CD4" T cells) is noted. B. Transcriptomic profile of human colon tumor Tregs versus normal
colonic mucosa Tregs. Plot shows FC and p values for the expression of each gene in tumor/normal
colonic Tregs. Annotated genes include some known to be involved in Treg activity and/or costimulation.
C. 408 genes (335 UP, 73 DN) were selected that distinguish TITR from normal colon Tregs. FC
(TITR/normal colon Tregs) values for these modulated genes for individual patients are presented in the
heatmap. D. Overlap of our TITR transcriptome (408 genes) with recently published Treg dataset from
breast cancer. Mean FC in breast cancer TITR relative to normal breast parenchyma (NBP) Tregs (x-axis)
versus mean FC in CRC TITR relative to normal colonic Tregs (y-axis) is shown. E. Top 10 hits from Enrichr
motif analysis of gene set preferentially upregulated in TITR compared to normal colonic Tregs (335 UP
genes). Overlap denotes the number of transcripts from our signature/number of transcripts known to
be associated with a given transcription factor. F. Mouse TITR signature is highlighted in red on human
tumor/ normal colonic Treg data. G. Human TITR transcripts are highlighted in red on mouse
tumor/tissue Treg comparison (per Fig. 2E).
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Figure 4. Correlation to FOXP3 in TCGA. A. Correlation to FOXP3 before and after removal of immune
cell component. Genes with higher correlation to FOXP3 after immune filtrate removal are highlighted.
B. Correlation to FOXP3 after immune infiltrate removal across four TCGA cancer datasets. C. Canonical
Up and Down Treg signature highlighted on post-regression correlation with FOXP3 on LUAD vs BRCA
datasets. D. Variability of the 219 transcripts with the highest post-regression correlation in the four
TCGA datasets. E. Co-expression matrix of 219 transcripts averaged across four tumors. Four gene-sets
are highlighted. F. Tissue Expression distribution of 219 transcripts in GTEx.
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Figure 5
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Figure 6. CRISPR-based Treg knockouts. A. Schematic depiction of protocol to induce loss of function
(LOF) mutations in TITR target genes, specifically in Treg cells, utilizing the CRISPR/Cas9 system. B.
Exemplar gating used for determining the tumor depletion index- the ratio of the percentage of GFP or
RFP+ Tregs in tumor vs. spleen. C. Summary of CRISPR-based Treg knockout data. The tumor depletion
index was significant in the genes highlighted in red. D. Validation of Samsn1 LOF on Treg accumulation
in tumors. Four Different sgRNAs showed decreased accumulation of Samsn1 LOF Tregs in the tumors.
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Appendix B: Supplementary Figures and Tables

Figure S1: A) QC of SPF scRNA-seq data, representing the number of UMI and Genes expressed in the
dataset. Right panel- QC for SPF and GF scRNA-seq data from 10X V1.
B) t-SNE representation of total LP CD4 T cells from SPF and GF mice. Right panel: gene expression of key

genes that identify the main clusters.
C) Left panel: QC of Hashed scRNA-seq data. Right panel: QC of non-hashed replicates scRNA-seq data.
Numbers of UMI and Genes expressed in the dataset are shown as violin plots.
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Supplementary figure 1
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Supplementary figure 2 (1)
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Supplementary figure 2 (2)
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Figure S2: A) t-SNE representation of all CD4 T cells from hashed experiment by sample.

B) Gene expression of key cytokines and TFs in Teff cells

C) CCA overlay of non-hashed single-cell replicates. T-SNE represents pre-selected Teff cells. Right panel

represents expression of curated Th signatures in each cell.

D) t-SNE calculated by imputed values of variable genes. Right panel: Gene expression of key cytokines
and TFs in Teff cells.

E) First 6 PCs of scRNA-seq data from hashed sample.



Figure S3: Clustering approaches. A) Diffusion Map of hashed data, colored by sample. Right panel:
Overlay of Th signatures on diffusion map.

B)KNN clustering of hashed data.
C) BISCUIT clutsering of hashed data.
D) Backspin clustering of hashed data.

E) Hartigan’s dip test, done on 350 most variable genes in hashed data from “main cloud” (clusters
0,1,2,3,4,9,11)
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Supplementary figure 3
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Supplementary Figure 4
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Supplementary Figure 4-cont.
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Figure S4: A) Fold change/fold change plot of RNA-Seq data comparing between populations A, B and C.
Blue, red, green dots- genes high in scRNA-seq data of populations A, B, C respectively.

B) Same as A but blue dots represent genes that are in module M11-Typel, while red dots represent
genes in M12-CTX/Ccl5.

C) Heatmap of differentially expressed genes between Ifng hi and Ccl5 hi cell clusters in both hashed and
non-hashed Salmonella replicates. Tbx21 and Rorc are in the top rows to show that these cells are in the
“Th1-pole”.
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Supplementary figure 5
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Supplementary figure 6
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Figure S6: Volcano plot of RNA-seq data comparing LP CD4 T cells from mixed bone marrow chimera
mice (CD45.2 H2-Ab1-/- and CD45.1 H2-Ab1+/+). Cells were sorted as CD45.1+ or CD45.2+
CD4+TCRB+CD44hi CD25lo.
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Hash:

Non-
Hash

10X V1

Indrop

Infection/mouse

SPF

S. typhimurium
C. rodentium
H. polygyrus
N. brasiliensis

SPF

S. typhimurium
C. rodentium
N. brasiliensis
GF?

SPF
GF

C. rodentium

Table S1: scRNA-seq datasets used

Platform Batch

10X V2
10X V2
10X V2
10X V2
10X V2

10X V2
10X V2
10X V2
10X V2
10X V2

10X V1
10X V1

Indrop

#

w w w ww

R W R N

N

Total Total
cells Teff
passing
Qc
9348 7107
1390 512
3193 2514
4143 3685
542 348
80 48
3360 826
5454 3916
3051 2311
875 538
3517 91
1782 680
2644 630
1715 NA

QcC
threshold
UMlI/cell

1000
1000
1000
1000
1000
1000

600
1000
540
1000
500

600
570

250

Table S2: Curated Th signatures

Thl
Ifng
Tbx21
Cxcr3
Nkg7
Fasl

12

Tnf
112rb1
112rb2
Gzmb

Th2
Gata3
114

115
1113
1110
Areg
Maf
117rb

Th17
Rorc
117a
17
1122
Ccré
1123r

Tmem176a
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Tfh
Cxcr5
lzumolr
Nt5e
Bcl6
Slamf6
Cd200
Cer7
Tcf7

threshold
genes/cell

400
400
400
400
400
400

400
500
320
500
300

400
400

200

Median
UMlI/cell

3394
1978
3721
4002
2181
2186

2137
5870
3238
3847
1790

910
793

797

Median
genes/cell

1345
858
1433
1494
976
905

951
1386
1521
1426

804

495
464

502
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