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Plasticity and heterogeneity of TH17 cells
At homeostasis TH17 cells are most abundant in the lamina propria by accounting for 30-40% of
all CD4+ memory T cells. Here, they play an important role in maintaining the intestinal integrity
against the symbiont microbes with the production of IL-17A, IL-17F, IL-21 and IL-22.
Interestingly, TH17 cells have been implicated in driving several autoimmune diseases including
multiple sclerosis and inflammatory bowel diseases. The cells driving autoimmune disease are
highly proinflammatory co-producing large amounts of IL-17A and IFN. Several reports
highlight the plastic nature of TH17 cells that vary depending on the immune environment they are
present in. During autoimmune inflammation of the central nervous system, TH17 cells are known
to differentiate into TH1 like cells and during the resolution, transition into T-regulatory and TR1like cells. In this thesis we sought to identify factors that influence plasticity of non-pathogenic
and pathogenic TH17 cells by establishing an in vitro system of TH17 trans-differentiation. We
looked for similar differences in vivo using an IL-17A fate reporter model. Using this system, we
could differentiate and analyze the heterogeneity of TH17 cells during homeostasis.
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restimulated for two days in fresh trans-differentiation medium.
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Foxp3 and (B) IL-17A production of TGF- trans-differentiated npTH17, pTH17 cells and
Treg control.

•

Fig 2.4 IL-12 induced high amounts of IFN in TH17 cells in vitro: (A) IFN and (B)
IL-17A production of trans-IL-12 trans-differentiated TH17 cells and controls.
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Fig 2.7 Tbet KO cells make significantly higher amounts of IL-17A and GM-CSF in
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and TH1 control comparing WT and Tbet KO cells Increased (B) IL-17A and (C) GM-CSF
production of trans-differentiated TH17 cells in TH1 condition (+IL-12).
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Fig 2.8 Batf in TH17 cells does not play a role in trans-differentiation to TH1: (A) IL17A and (B) IFN production of npTH17 and pTH17 cells comparing WT and Batf KO cells
upon IL-12 treatment.
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Fig 2.9 Batf3 acts as suppressor of TH1 program in pTH17 cells: (A) IL-17A and (B)
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(A) IL-17A and (B) IFN production of npTH17 and pTH17 cells comparing WT and Batf3
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•

Fig 2.11 Single cell RNA-sequencing of tissue TH17 cells reveals vast heterogeneity:
(A) Unbiased tSNE clustering of 5924 cells from 3 batches across spleen, mLN, PP, SI and
colon. (B) Foxp3 and IL-10 staining on the tSNE plots highlights a regulatory program in
TH17 cells. (C) Staining for CD69 and CD44 shows prominent activation of TH17 cells
from intestinal tissues. (D) Higher TH17 cell cytokine expression in the intestinal tissues
shown by IFNγ, IL-17A, IL-17F and IL-22.
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Chapter 1: Background

1.1 TH17 cells
Naïve CD4+ T lymphocytes upon receptor engagement and co-stimulation can differentiate into
different types of helper subsets with distinct effector functions. The differentiation of the helper
cells is directed by the cytokine cues given by antigen presenting cells (APCs). One such T-helper
subset is known as TH17, so named after one of its effector cytokines. Cytokines produced by TH17
cells include IL-17A, IL-17F, IL-22, and IL-21 [1, 2]. RORγt serves as the “master transcription
factor” for the TH17 lineage [3]. RORγt induces the expression of IL-17A in naïve T cells and mice
reconstituted with the bone marrow of RORγt-knockout mice demonstrate impaired TH17
differentiation. Other known factors important for TH17 cell development include Batf [4], Irf4
[5], Runx1 [6] and Stat3 [7]. Stat3 induced by IL-6 and IL-23 is important in IL-17 production in
mice and humans [8]. In mice, T-cell deletion of Stat3 limits TH17 cell differentiation and
pathology. Loss of Stat3 in CD4+ T-cells prevents development of experimental autoimmune
diseases [9, 10].

TH17 cells play an important role in host defense against extracellular bacteria and fungi [11]. IL17A and IL-17F are proinflammatory cytokines that help in the recruitment of macrophages and
neutrophils [12, 13]. They are also crucial in maintaining the homeostasis of mucosal interphases
like the gut. TH17 cells are also known to be drivers of various autoimmune diseases like psoriasis,
rheumatoid arthritis, inflammatory bowel disease, systemic lupus erythematosus and multiple
sclerosis [14-18].

Fig 1.1 The transcription factors crucial for TH17 cells and its effector cytokines in mice and humans. Figure adapted
from Chung et al., 2018 [19].

1.2 Intestinal TH17 cells
At homeostasis, most TH17 cells are found in the intestinal lamina propria (LP), the region beneath
the epithelial cell layer’s basement membrane. In the LP, TH17 cells are the most abundant cells
by accounting for 30-40% of all CD4+ memory T-cells [20, 21]. The intestinal TH17 cell
population is primarily gut microbiota-dependent [22]. There is a substantial reduction in the
numbers of TH17 cell numbers in germ-free mice compared to specific pathogen free (SPF) mice
[20]. Ivanov et al., 2009 identified segmented filamentous bacteria (SFB) to be potent inducers of
TH17 cells in mice [21]. Tan et al. identified Bifidobacterium adolescentis, a symbiont in the
human microbiome that when mono-colonized in the murine intestine can induce TH17 cells [23].

Intestinal TH17 cells have an established role in the host defense against certain intestinal
pathogens, including Citrobacter rodentium and Shigella flexneri [20, 24]. IL-17A secreted by
TH17 cells cues intra-epithelial cells in the gut to maintain barrier integrity by the production of
tight junction proteins like claudins [25, 26]. IL-17 and IL-22 also induce the production of antimicrobial peptides from epithelial cells [27, 28]. Microbiota-specific TH17 cells strengthen the
2

epithelial barrier by promoting the secretion of IgA via IL-17- and IL-21- dependent mechanisms
[29].

In contrast to their crucial aid in mediating intestinal barrier functions, studies have found that the
intestinal TH17 population can drive autoimmune tissue inflammation. Intestinal TH17 cells have
been implicated in playing a role in inflammatory bowel diseases (IBD) like Crohn’s disease and
ulcerative colitis [16, 30]. RAG1-/- mice transferred with RORγt-/- CD4+ CD25- T cells do not
develop colitis [31] and milder DSS-mediated colitis was observed in IL-17A-/- mice versus
wildtype mice [32]. However, there are also contrasting reports about the role of TH17 cells in the
gut with other studies showing the beneficial role of T H17 cells in the gut. RAG1-/- mice transferred
with IL-17A-/- or IL-17F-/- CD4+ CD45RBhi T-cells show exacerbated colitis compared to WT
controls [33].

Furthermore, recent studies have strongly implicated the intestinal TH17 population to play a major
role in the development of extra-intestinal autoimmune diseases. Germ-free mice which are devoid
of TH17 cells in the intestine, show protection from EAE (experimental autoimmune
encephalomyelitis), arthritis, and autoimmune renal disease, while the microbiota-dependent
induction of the intestinal TH17 population leads to exacerbated disease [34-36]. Additionally,
intestinal TH17 cells have been shown to migrate from the intestine to the site of autoimmune
inflammation in arthritis as well as in autoimmune renal disease [34, 35].
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Fig 1.2 The TH17 number in the intestine, induced by the presence of microbiota positively correlates with the severity
of autoimmune CNS inflammation. Figure adapted from Lee et al., 2010 [36].

A clinical study from Cosorich et al., demonstrated an enrichment of T H17 cell frequencies in
biopsies of the small intestinal mucosa from patients with remitting-relapsing multiple sclerosis
(RRMS) compared to healthy controls [37]. When the RRMS patients were further divided by
evidence of active disease, there were significantly higher percentages of intestinal T H17 cells in
those with active disease compared to RRMS patients without active inflammation. This shows an
interesting correlation to changes in the intestine specifically during ongoing inflammation in an
autoimmune disease.

1.3 TH17 cells in extra-intestinal autoimmunity
While TH17 cells play an important role in the host defense against extracellular bacteria and
fungi, many studies have established their role in the pathogenicity of multiple autoimmune
diseases including multiple sclerosis, psoriasis, rheumatoid arthritis, inflammatory bowel disease
and systemic lupus erythematosus [14-18]. In this thesis, I will focus on a mouse model for
multiple sclerosis, called experimental autoimmune encephalomyelitis (EAE) [38]. We induce
EAE in mice by immunizing them with an encephalitogenic peptide derived from MOG: MOG35-
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in complete Freund’s adjuvant (CFA), followed by injecting with pertussis toxin (PT). PT

injections help to accelerate the inflammation by disrupting the blood brain barrier (BBB) making
it permeable for infiltration of immune cells [39]. Autoreactive TH17 cells have been shown to
play a crucial role in this method of EAE pathogenesis. Alternatively, transfer of myelin
oligodendrocyte glycoprotein (MOG) specific TH17 cells can cause central nervous system (CNS)
inflammation in vivo [40]. These TH17 cells when stimulated in vitro with IL-23 induce severe
EAE. Mice deficient for IL-17 develop EAE with delayed onset and lower severity [41].
Furthermore, administration of IL-17 blocking antibody impairs chemokine expression in the brain
and prevents the subsequent development of EAE [42].
1.4 Multiple Sclerosis and Inflammatory Bowel Diseases
Multiple sclerosis (MS) is an autoimmune disease characterized by recurrent episodes of
demyelination and axonal lesion mediated by CD4+T cells with a proinflammatory TH1 and TH17
phenotype, macrophages, and soluble inflammatory mediators [18]. The blood brain barrier
disruption is an early and key event in MS pathogenesis. IL-17 induces reactive oxygen species
production in the endothelium, leading to a disruption of the blood–brain barrier.
TH17 cells are considered a potent pathogenic factor in disease immunopathophysiology. TH17
mediated inflammation is characterized by neutrophil recruitment into the CNS and killing of
neurons. About 85% of patients experience an initial relapsing–remitting (RRMS) course
succeeded by the development of secondary progressive MS (SPMS), characterized by worsening
neurological disability with or without superimposed attacks.

Recent data suggest that IBD patients can manifest demyelinating events in both central and
peripheral nervous system [43]. This association between MS and IBD has not only been suggested
5

by their common epidemiological and immunological patterns [44, 45], but also due to
observations of increased incidence of both IBD among MS patients [46] and MS among IBD
patients [47]. Thus, the study of the intestinal TH17 populations at homeostasis and during disease
could help elucidating the phenomena described above.

1.5 Heterogeneity of TH17 cells in vitro
The Kuchroo laboratory and others have shown that TH17 cells exist in multiple flavors [41, 48,
49]. When naïve CD4+ T-cells are differentiated in a cytokine milieu of TGF-β1 and IL-6, the
TH17 cells generated produce IL-17A and IL-10. MOG-specific TH17 cells thus differentiated do
mediate less severe CNS inflammation and are thus are referred to as “non-pathogenic” TH17 cells
(npTH17 cells) [49, 50]. In contrast, the addition of IL-23 and removal of TGF- to the
differentiation medium leads to the generation of TH17 cells that cause severe CNS inflammation
and are referred to as “pathogenic” TH17 cells (pTH17 cells) [48]. These pathogenic TH17 cells
have also been found to drive inflammation in multiple autoimmune disease mouse models and
express a unique transcriptional signature compared to their non-pathogenic counterpart [41, 51].
Following multiple rounds of culture in vitro, TH17 cells begin to produce IFNγ. Adding TGF-β
inhibits this tendency but TH17 cells express IL-12 receptors and readily produce IFNγ upon
engagement of IL-12R [52].
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Fig 1.3 In vitro heterogeneity of TH17 cells generated that determines their pathogenicity to induce CNS
autoimmune disease [41,48].

1.6 Heterogeneity of TH17 cells in vivo
A study from Gaublomme et al., 2015 explored the heterogeneity and pathogenicity of TH17 cells
in context of autoimmune inflammation of the CNS [53]. Using single-cell RNA-sequencing, the
study investigated the mechanisms that influence the program of TH17 cells isolated from the CNS
and draining lymph nodes (dLN) during peak of disease in EAE. The EAE was actively induced
by immunizing with MOG-peptide. This was compared to the transcriptional program of TH17
cells generated in vitro as described in Fig. 4. The results of this study revealed multiple
populations of TH17 cells that separated on two principal components: high PC1 score indicates a
more effector mechanism while a low PC1 score shows a memory phenotype. PC2 separates cells
by the tissue of origin (CNS or dLN) and correlates with cells transitioning from a naïve-like state
to a TH1 effector/memory state. The self-renewing TH17 population shown in Fig. 4 showed
transcriptional similarities to the regulatory (IL-10 producing) TH17 population generated in vitro
with TGF-β1 and IL-6. The transcriptional profile of the T H17/TH1 - like memory subset closely
aligned with the in vitro generated “pathogenic” TH17 cells. An inference we can draw from this
analysis is that the pathogenicity of the cells generated in vivo by immunization is similar to the in
7

vitro generated cells that cause disease. Thus, the co-production of IL-17A and IFNγ contributes
significantly to the severity of disease in vivo.

Fig 1.4 Five progressive states of TH17 cells are shown as they move from the draining lymph node to the CNS
during EAE. Figure adapted from Gaublomme et al., 2015 [53].
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Chapter 2: Data and methods
2.1 Questions addressed in this thesis
In this thesis, we sought to address the trans-differentiation capabilities of TH17 cells. Studies have
described plasticity of TH17 cells, especially in the context of transdifferentiating into TH1 cells,
Tregs and TR1 cells. In autoimmune diseases, TH17 cells co-produce IL-17A and IFN, showing a
trans-differentiation to TH1-like phenotype. During resolution of inflammation, TH17 cells have
been reported to transition in Tregs and TR1 cells. However, comparing the transdifferentiating
potential of non-pathogenic TH17 cells against pathogenic TH17 cells hasn’t been explored. This
thesis will focus on some differences observed in in vitro transdifferentiated non-pathogenic TH17
cells and pathogenic TH17 cells.
Given that the most abundant source of TH17 cells during homeostasis is the intestinal lamina
propria, we want to understand the heterogeneity of the transcriptional programs of T H17 cells
there. Uncovering the different transcriptional profiles could help in our understanding of the
highly plastic and variable TH17 cells and identify new targets that could be used in therapies.
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2.2 Materials and methods:
2.2.1 Experimental mouse models:
The genetic background of all mice used in the experiments was C57BL/6. The various reporter
mice used include:
1. Wild type mice were obtained from Jackson Laboratory (catalog number: 000664).
2. A genetically engineered IL-17A-reporter mouse that harbours an IRES-EGFP-SV40polyA signal sequence cassette after the stop codon of the Il-17a gene obtained from
Jackson laboratory (catalog number: 018472) [54].
3. An IL-17A fate mapping mouse that contains a Cre recombinase inserted into the Il-17a
locus [55]. This was crossed to a Rosa26-enhanced reporter mouse leads to the expression
of the fluorescent protein in all cells that ever made IL-17A [56] (Biocytogen).
4. Mouse models 2 and 3 were crossed to generate a mouse that can live report IL-17A via
eGFP expression and fate map IL-17A producing cells through the IL-17A Cre Rosa26 .
5. A genetically engineered IL-10 reporter mouse that harbours an IRES-Thy1.1 (CD90.1)
after the stop codon of the IL-10 gene [57].
6. A genetically engineered Foxp3 reporter mouse that harbours an IRES-EGFP-SV40-polyA
signal sequence cassette after the stop codon of the Foxp3 gene [50].
7. Mice with functionally inactive Tbet (catalog number: 004648), Batf (catalog number:
013758), Batf3 (catalog number: 013755) and Irf1 (catalog number: 002762) from Jackson
Laboratory.
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2.2.2 In vitro T-cell culture:
CD4+ CD62L+ CD25- CD44- cells were sorted using a Becton Dickinson (BD) FACS Aria sorting
machine from spleen, mesenteric lymph nodes, inguinal lymph nodes, brachial lymph nodes and
superficial cervicals. The naïve CD4+ T-cells are differentiated in vitro for three days, rested for
two days and then restimulated for trans-differentiation for two days.
Step 1 differentiation: The naïve cells receive non-pathogenic and pathogenic TH17 polarizing
cytokines for three days and stimulation through anti-CD3 (1 µg/ml, BioXcell) and anti-CD28 (1
µg/ml, BioXcell) antibodies plated on the culture plate. Non-pathogenic TH17 cells were generated
with TGF-β1 (2 ng/ml, Miltenyi Biotec) and IL-6 (25 ng/ml, R&D). Pathogenic TH17 cells were
generated using IL-6 (25 ng/ml, R&D), IL-23 (20 ng/ml, R&D) and IL-1β (20 ng/ml, R&D).
Controls TH0 cells maintained with only medium, Treg cells were generated with TGF-β1 (2 ng/ml,
Miltenyi Biotec), TR1 cells with IL-27 (100 ng/ml, R&D) and TH1 cells with IL-12 (20 ng/ml,
R&D). 100,000 cells per well were cultured on plates coated with anti-CD3 and anti-CD28 for 2
hours at 37ºC.
Step 2 rest: During the two-day rest, the cells are exposed to the transdifferentiating cytokines
without any activation.
Step 3 trans-differentiation: the cells receive transdifferentiating cytokines days and stimulation
through anti-CD3 and anti-CD28 antibodies plated on the culture plate. The cells were then
analyzed by FACS for cytokine production and transcription factor expression using LSR-II and
Fortessa from BD.
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2.2.3 Extraction of TH17 cells from lamia propria:
The small intestine and colon were harvested from mice perfused with PBS. The Peyer’s patches
were removed from the small intestine. The small intestine and colon were turned inside out and
subjected to extraction medium for 20 minutes at 350 rpm at 37ºC. The tissues were then washed
in RPMI medium with 5% FCS for 15 minutes at 350 rpm at 37ºC. The tissues were then finely
chopped and digested for 40 minutes at 550 rpm at 37ºC. These were then filtered using 70µm
filters are centrifuged at 1800 rpm for 8 minutes. The pellet contains the cells from lamina propria.
Extraction medium in 50ml of RPMI with 5% FBS:
186µl of 5% Dithiothreitol (DTT) and 120µl of 0.5M EDTA. 25ml was used for each colon
and small intestine.
Digestion medium in 50ml of RPMI with 5% FBS:
500µl of DNase stock at 100X DNase (5mg/ml), 50mg of Type 8 collagenase from Sigma,
200µl of 0.5M CaCl2 and 500µl of 0.5M MgCl2.

2.2.4 Extraction of TH17 cells from CNS:
The brain and spinal cord were flushed out of the mice perfused with PBS. These were then
digested with 2.5 mg/ml of Collagenase D and filtered through 40µm strainers. Lymphocytes were
isolated from the digested CNS through separation using a Percoll gradient made from 63% and
33% Percoll.
2.2.5 Central nervous system autoimmune inflammation model (EAE):
8-12-week-old mice were immunized through the flanks with myelin oligodendrocyte
glycoprotein (MOG) peptide MOG35-55 with Mycobacterium tuberculosis extract in CFA followed
by IV injection of PT. A second dose of PT was administered through IV on day 2. Onset of disease
is typically 7-10 days post injection (clinical score 1) and peak of disease at 14-17 days (clinical
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score 4). The disease scoring system was in accordance with IACUC guidelines on use of EAE
rodent models.
•

Score = 1 - Flaccid tail

•

Score = 2 - Hind Limb weakness

•

Score = 3 - Hind Limb Paralysis

•

Score = 4 - Fore-Limb Weakness & Hind limb Paralysis

2.2.6 Single-cell RNA-sequencing:
TH17 cells were isolated from sites in the intestine where they have been described to reside: small
intestine, colon and Peyer’s patches. As reference, TH17 cells from the mesenteric lymph nodes
and spleen were also isolated. The tissues were harvested during homeostasis and EAE during
which CNS lymphocytes were also included. 8-12-week-old reporter mice Il-17AeGFP X Il17ACre Rosa26 tdTomato were used and viable CD45+ TCRβ+ CD4+ tdTomato+ cells were
sorted for single-cell RNA sequencing at homeostasis and onset (day 7-9) of EAE. These cells
were encapsulated into droplets, and libraries were prepared using Chromium Single Cell 3′
Reagent Kits v2 according to manufacturer’s protocol (10X Genomics). The generated single cell
RNA-seq libraries were sequenced using a 75 cycle Nextseq 500 high output V2 kit [58].
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2.3 Results
2.3.1 In vitro plasticity of non-pathogenic and pathogenic TH17 cells:
TH17 cells have shown a considerable degree of plasticity based on the immune environment and
the cytokine cues. They exhibit a range of roles in vivo which include regulatory and pathogenic,
pro-inflammatory phenotypes. In this section, we explored the trans-differentiation potential of
TH17 cells, a phenomenon that has been reported in vivo during inflammation and homeostasis.
TH17 cells have been known to become TR1, Treg and TH1 like cells in different immune settings.
Collectively, this nature of TH17 cells to be highly plastic can be exploited as therapeutic strategies
to treat autoimmune diseases. Setting up an in vitro model to study the differences in npTH17 and
pTH17 to transition to regulatory phenotypes can help alleviate inflammation during disease.
Understanding the differences in the potential of npT H17 and pTH17 into a proinflammatory TH1like cells can give mechanistic insight into disease pathogenesis.
To address this, we used the following system. Naïve CD4+ T-cells were cultured in TH17
differentiation medium for three days. These cells were then rested in trans-differentiation medium
for two days and restimulated for two days in fresh trans-differentiation medium.
Trans-differentiation

ex-Th17 TH1 (IFN+)

3-day differentiation

ex-Th17 TR1 (IL10+)
Naïve CD4+ T-cells

ex-Th17 Treg (Foxp3+)

npTH17
and
pTH17

2-day rest and 2-day
restimulation

Fig 2.1 In vitro trans-differentiation of TH17 cells: Naïve CD4 T-cells are sorted from lymph nodes and spleen.
They are cultured in differentiation medium to npTH17 and pTH 17 cells for three days. They are then rested in transdifferentiation medium for two days and restimulated for two days in fresh trans-differentiation medium.
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2.3.1.1 TH17 to TR1 trans-differentiation
TR1 cells are described as a type of regulatory CD4+ T-cells that produce IL-10 and lack Foxp3
expression [59]. Like TH17 cells, TR1 cells are found in large numbers in the intestine where they
may play a protective role in maintaining homeostasis with the intestinal microbiota [60]. Adoptive
transfer of TR1 cells has been shown to suppress autoimmunity, colitis, graft-vs-host disease, and
tissue inflammation [61]. TH17 cells have been reported to convert in TR1 cells and this functional
reprogramming experienced by ex-TH17 into TR1 is irreversible. These cells display antiinflammatory properties by preventing TH17- mediated colitis [62]. IL-27 has been identified to
inhibit the generation of TH17 cells and also induce the differentiation of IL-10-producing
regulatory T cell type 1 (TR1) from naive T cells [63, 64]. An IL-10 CD90.1 (Thy1.1) reporter
mouse was used for this experiment where non-pathogenic and pathogenic TH17 cells were treated
with IL-27 to induce TR1 programs.
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Fig 2.2 IL-27 did not induce IL-10 in TH17 cells in vitro: (A) IL-10 as Thy1.1 and (B) IL-17A production of
transdifferentiated TH17 cells in TR1 condition with IL-27 and controls on day 7.

TH17 cells treated with IL-27 significantly downregulated their production of IL-17A (Fig. 6A).
However in vitro, they significantly downregulated IL-10 production (Fig. 6B), which is in
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contrast to the upregulation reported in vivo [62]. Thus, IL-27 treatment inhibited TH17 cells in
vitro by downregulating IL-17A as previously described [63] but did not induce transdifferentiation to TR1.
2.3.1.2 TH17 to Treg trans-differentiation
T regulatory cells are a subpopulation of CD4+ T-cells that are immunosuppressive characterized
by the expression of Foxp3 and CD25 [65]. There are various reports of Foxp3+ CD4+ T-cells that
co-express RORt. Many Foxp3+ T cells in the gut express high amounts of RORt and produce
IL-17 [66]. In patients with IBD, a study reported increased prevalence of IL-17A secreting
Foxp3+ CD4+ T-cells that show a defective suppressive function [67, 68]. While most detail
Foxp3+ regulatory cells gaining IL-17A effector function, there is a need for clarity in TH17 cells
undergoing conversion to Tregs. Understanding mechanisms that facilitate TH17 to Treg
conversion can help in amelioration of inflammation. In context of autoimmune disease especially,
this conversion can help in generation of tolerance in auto-reactive T-cells. To understand the
trans-differentiation capabilities to Tregs, non-pathogenic and pathogenic TH17 cells were treated
with TGF-β in Foxp3 GFP reporter cells.
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Fig 2.3 TGF- did not induce Foxp3 expression in TH17 cells in vitro: (A) GFP reporting Foxp3 and (B) IL-17A
production of TGF- trans-differentiated npTH17, pTH17 cells and Treg control.

No significant changes were observed in the Foxp3 production in both types of TH17 cells (Fig.
7A). TGF- arrested IL-17A in npTH17 cells suggesting some reprogramming ability, but pTH17
cells showed no such response (Fig. 7B). In conclusion, TGF- treatment did not induce TH17
trans-differentiation into Tregs in vitro.
2.3.1.3 TH17 to TH1 trans-differentiation
TH1 cells are a subset of CD4+ T helper cells that are pro-inflammatory and responsible for killing
intracellular pathogens. IFN is the signature cytokine of TH1 cells along with IL-2, GM-CSF and
the master transcription factor of this lineage is T-bet [69]. Lee et al., 2009 showed TH17 cells can
retain an IL-17A+ phenotype or lose IL-17 and acquire expression of IFNγ, in a process driven by
IL-12 and IL-23 via a STAT4- and T-bet-dependent manner [52]. This in vitro study showed a
large majority of TH17 cells restimulated with IL-12 in the absence of TGF- produced IFN and
IL-17A expression was markedly quenched. IL-23 signaling in the absence of TGF- significantly
and consistently increased the frequency of IFN+ cells and decreased IL-17A+ cells relative to
the absence of TGF- alone. Gene promoters for Tbx21 in TH17 cells had a bivalent status
characterized by H3K4me3/H3K27me3 dual positivity, substantiating the relative instability and
propensity of these cells to acquire type 1 features in the presence of IL-12 [70].
In context of inflammation, TH17 to TH1 trans-differentiation has been widely observed. TH17 cells
at inflammatory sites exhibit high plasticity wherein they produce IFNγ and then rapidly shift to
the TH1-like phenotype [71]. Using a fate reporter model for IL-17A using YFP, Hirota et al., 2011
showed in the course of EAE induction that cells from CNS that were YFP+ produced little IL17A and a considerable proportion produced IFNγ instead [55]. Taken together, we wanted to
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explore the differences in npTH17 and pTH17 cells to transdifferentiate into TH1 phenotype using
IL-12. This was done using IL-17A Cre Rosa26 tdTomato reporter system where all cells that
ever-made IL-17A express tdTomato [55, 56].
In general, pTH17 cells make more IFN than npTH17 cells (Fig 8A). However, with IL-12
treatment this difference is abrogated and both types of TH17 cells make similar amounts of IFN
(Fig 8A). As seen in Fig. 8B, there is a striking increase the IFN production in npTH17 and pTH17
cells when treated with IL-12. It shows all IFN producers amongst the tdTomato+ cells
confirming that these are truly transdifferentiated cells. The trans-differentiation of TH17 cells to
TH1 is additionally supported by a stark decline in IL-17A (Fig. 8C).
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Having established a working in vitro TH17/TH1 trans-differentiation model, we proceeded to look
for factors that differentiate npTH17 and pTH17 cells and their potential in TH1 differentiation.
We used an ATAC and RNA-sequencing approach to identify key differences in npTH17 and
pTH17 cells. ATAC-seq and RNA-seq was performed on cells 72 hours post-polarization in TH0,
non-pathogenic TH17, or pathogenic TH17 skewing conditions. We identified a set of genomic
peaks that are more accessible in pathogenic TH17 cells versus non-pathogenic control (Fig. 9A).
Within this set of peaks, we identified transcription factor motifs that are significantly
overrepresented compared to background. For these transcription factors we mapped differential
gene expression, comparing pathogenic versus non-pathogenic TH17 cells and TH17 subsets versus
TH0 (Fig. 9B). We selected transcription factors – Tbet, Batf, Batf3 and Irf1 that are expressed in
TH17 subsets for their influence on the ability of non-pathogenic and pathogenic TH17 cells to
transdifferentiate into TH1-like cells.
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As expected, Tbet KO cells produced very little IFN (Fig. 10A) and Tbet (Fig. 10B) [69].
Conditioning with IL-12 reconfirmed that WT TH17 cells produced large amounts of IFN, while
Tbet KO TH17 cells were unable to do the same (Fig. 11A). Tbet KO TH17 cells showed decreased
inhibition of IL-17A compared to WT cells (Fig. 11B), displaying an essential role of Tbet in T H17
trans-differentiation into TH1-like cells. Similarly, Tbet KO TH17 cells made significantly more
GM-CSF than WT cells (Fig. 11C). Further, parsing out the differences between np and pTH17
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cells, pathogenic TH17 cells showed a greater propensity to convert to TH1 cells as they produce
more IFN, GM-CSF and less IL-17A than npTH17 cells.
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It is known that Batf is important for IL-17 production [4] and we can confirm that as there is no
IL-17A in the Batf KO mice both types of TH17 cells when treated with IL-12 (Fig. 12A). Batf KO
npTH17 cells produce significantly less IFN (Fig. 12C), while no difference was observed in
pTH17 cells in TH1 conditions. Thus, Batf in TH17 cells did not play a role in their ability to polarise
into TH1 cells.
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In TH1 polarizing conditions, Batf3 KO npTH17 cells made distinctly higher amounts of IL-17A
(Fig. 13A). In contrast, Batf3 KO pTH17 cells made more IFN than WT (Fig. 13B). Batf3 in
pTH17 cells may act a suppressor of the TH1 program where knocking it out induces much stronger
IFN .
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No significant differences were observed in IL-17A production between WT and Irf1 KO TH17
cells (Fig. 14A) in IL-12 conditions. Irf1 KO npTH17 cells made less IFN and pTH17 cells made
more IFN than WT controls (Fig. 14B). Together, Irf1 appears to play a differential role in TH17
cells: promoting TH1 polarization in npTH17 cells and inhibiting transition to TH1 cells in pTH17
cells.
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2.3.2 In vivo heterogeneity of tissue TH17 cells:
To uncover the heterogeneity of TH17 cells at homeostasis, we adopted a single-cell RNA
sequencing approach using a mouse model that could report fate-mapped TH17 cells and current
TH17 cells by their IL-17A production [55, 56]. All cells actively producing IL-17A produce eGFP
and those that ever-produced IL-17A are fate-marked with tdTomato. All CD45+ CD4+ TCR+
tdTomato+ cells were sorted from the spleen, mLN, PP, SI and colon from 8-12-week-old mice
for single-cell RNA-sequencing analysis. This thesis includes the single-cell RNA-seq analysis of
tdTomato+ eGFP+ cells i.e. currently active TH17 cells. 5924 cells were pooled from the various
tissues and were visualized with unbiased clustering on tSNE plots for preliminary analysis. The
cells primarily clustered based on the tissue of origin (Fig. 15A). However, an interesting
population of Foxp3+ IL-10+ IL-17A GFP+ cells from all tissues formed a distinct cluster,
overcoming their tissue signature (Fig. 15B). TH17 cells from the intestine showed a strong
activation signature with elevated expression of CD69 and CD44 (Fig. 15C) relating to their
persistent interaction with the microbiota. Correlating with the strong activation in the intestine,
the cytokine production is high presenting a proinflammatory signature of IL-17A, IL-17F and
IFN (Fig. 15D). Further characterization of these clusters in a tissue specific manner will reveal
the diversity at a higher resolution.
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Chapter 3: Discussion and future directions
The TH17 cell program that is induced determines its function. In some instances of airway
inflammation, TH17 cells minimize tissue damage by adopting the “non-pathogenic” TH17 cell
program. These cells can also enforce more regulatory functions that promote homeostasis.
On the other end of the spectrum, “pathogenic” TH17 cells are highly proinflammatory and help in
clearing various fungal infections or driving autoimmune diseases. In vivo, TH17 cells have been
described as plastic in response to the dynamic environment it resides in. However, what is yet to
be fully understood is the differences in the plasticity potential comparing non-pathogenic and
pathogenic TH17 cells. We established an in vitro trans-differentiation system to address the same.
In our data, TH17 cells induced in vitro showed no significant trans-differentiation into TR1 or Treg
lineages. Neither of the differentially induced TH17 cells significantly increased production of IL10 or Foxp3 as seen in TR1 cells and Treg cells respectively. In the TH1 trans-differentiation
condition, the TH17 cells survived well in vitro. Both non-pathogenic and pathogenic TH17 cells
significantly upregulated their IFN production following IL-12 treatment with a reduction in IL17A. Establishing a robust TH17/TH1 trans-differentiation system, we did some further in vitro
studies.

ATAC sequencing on npTH17 and pTH17 revealed a set of genomic peaks that are more accessible
in pathogenic TH17 cells versus non-pathogenic controls. Within this set of peaks, we identified
transcription factor motifs that are significantly overrepresented compared to background
including Tbet, Batf, Batf3 and Irf1. We explored the potential of non-pathogenic and pathogenic
cells to become TH1 like cells, comparing WT and the aforementioned transcription factor
knockout cells. Tbet in pTH17 cells seem to play a role in IL-17A production. When Tbet is

26

knocked out, pTH17 cells made significantly more IL-17A while such differences were not
observed in npTH17 cells. When trans-differentiated in IL-12, both types of TH17 cells
downregulated IL-17A. However, comparing Tbet KO cells made higher amounts of IL-17A than
the respective WT controls in non-pathogenic and pathogenic conditions. Similarly, GM-CSF was
markedly higher in Tbet KO than WT T H17 cells showing an overall tendency for T H17 cells to
retain TH17 programs without Tbet. Taken together, is essential for TH17/TH1 trans-differentiation
especially in pTH17 cells. It is known that Batf is essential for TH17 cell differentiation [4]. In our
results as well, TH17 cells are not generated without Batf. However, in a Batf3 dependent manner
we observed an inhibition of TH17/TH1 trans-differentiation specifically in pTH17 cells. In the
absence of Batf3, pTH17 cells produce significantly higher levels of IFN. This mechanism needs
to be further elucidated but could act as a potential player selectively in pTH17 cells. Irf1 appears
to play a differential role in TH17 cells: promoting TH1 polarization in npTH17 cells and inhibiting
transition to TH1 cells in pTH17 cells.
Thus, using the aforementioned in vitro trans-differentiation system, we seek to study the role of
critical drivers of TH17 cell plasticity. Mechanisms and key transcriptional regulators that drive
trans-differentiation remain elusive and using this system, we can further report factors that may
have distinguishing roles in npTH17 and pTH17 cells.

Preliminary single-cell RNA sequencing analysis shows cells primarily cluster on tSNE based on
the tissue of origin. TH17 cells from the small intestine and colon compared to the lymph nodes
and spleen show a strong activation signature with augmented levels of effector cyotkines. This
relates biologically to the interaction of these cells with microbiome in intestine leading to
sustained T-cell effector functions. The TH17 cells from the intestine showed subsets of cells
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producing IL-17A with Foxp3 and IL-10 or IFN. Further anaylsis comparing these cells with
tdTomato+ GFP- cells that produce Foxp3 or IFN can compound our understanding TH17
plasticity at homeostasis and subsequently in disease models as well. Other forthcoming directions
of this study include using the data to create metabolic profiles of tissue TH17 cells. The tissue
specific nutrients available to the TH17 cells may play an intergral role in shaping its properties.
Extrapolating these analyses to disease conditions like EAE will give us insight into the plethora
of TH17 cell responses. Subsequently, manipulation of TH17 cell functions via metabolites make
for a noteworthy therapeutic strategy.
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