Chapter 5: Investigation of host lymphoid progenitor
cell (LPC) recruitment in iTEC-based RTOC

5.1. Introduction and aims

Chapter 4 investigated the role of fetal thymic mesenchyme (FTM) in the iTEC-
RTOC system and identified it could be partially compensated for by increasing
iTEC numbers and number of RTOC transplanted per recipient. The aforementioned
iTEC-MultiRTOC’ system will be taken forward in this Chapter. Lymphoid Progenitor
Cell (LPC) recruitment is a vital function of native TEC and therefore the ability of
iTEC to carry out this function is essential in understanding their ability to support
long-term T cell reconstitution in the host. In addition, the requirement of donor DN
thymocytes, which has not previously been examined, limit the translational

relevance of the system, and introduces further variation.

In Chapter 5 the ability of iTEC-MultiRTOC to recruit host LPCs and support their
commitment to the T cell lineage and develop into functional T cells alongside the
requirement of DN thymocytes in the system will be investigated. Together, Chapter
4 and 5 will allow for the identification of the minimum cellular requirements for
ITEC-RTOC transplantation. The data presented provide important information
relevant to the development of a transplantable synthetic thymic organ that could be

used for clinical purposes.

5.2. Can iTEC-RTOC recruit host lymphoid progenitor cells?

An additional component of generating a synthetic thymus for transplantation is
provision of thymocytes prior to or after transplantation, in order to repopulate the
lymphopenic host environment with a fully functional T cell repertoire. An important
function of TEC is the ability to recruit circulating host bone marrow-derived
lymphohaematopoietic progenitor cells (LPCs). Thymus homing of LPCs is
important for long-term T cell reconstitution of the host and continuous seeding of
the thymus ensures that a diverse T cell repertoire is generated and maintained.
LPC thymic colonization occurs due to interaction of platelet (P)- selectin on thymic
endothelial cells and platelet-selectin glycoprotein ligand-1 (PSGL-1) on LPCs, and
interaction of chemoattractant CCL25 produced by TEC with LPC receptor CCR9
(Wurbel et al., 2000; Rossi et al., 2005; Scimone et al., 2006; Schwarz et al., 2007).
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Although provision of an initial dose of immature donor thymocytes takes place prior
to transplantation it is not known whether grafted iTEC have the ability to recruit host
LPCs. If iTEC survive long-term in vivo and simultaneously have the ability to recruit
host lymphoid progenitors, this could offer a solution for treating T cell
immunodeficiencies in patients, including those associated with ageing. Additionally,
removal of donor thymocytes from the iTEC RTOC system could reduce the risk of

graft vs host disease (GVHD) and result in a more clinically relevant system.

5.2.A. Experimental design: tracing host and donor T cells in recovered
ITEC grafts

CD45, expressed on the surface of all haematopoietic cells, has two distinct alleles
in the mouse that can be identified with antibody staining. These alleles are CD45.1
(Ly5.1) and CD45.2 (Ly5.2). WT C57BL/6J mice carry the CD45.2 allele and Ly5.1

homozygous mice, bred in house, are C57BL/6J mice that are homozygous for the

CD45.1 allele.

Therefore, to test whether ITEC-RTOC can attract host LPCs, an experiment was
set up in which all cells within the RTOC donor, including DN thymocytes, were
obtained from CD45.2* WT C57BL/6J x C57BL/6J embryos. These were
transplanted under the kidney capsule of Ly5.1 (CD45.1) homozygous mice, using
the MultiRTOC protocol. Development of both donor (CD45.2*) and host (CD45.1%)
thymocytes present in recovered grafts was then investigated at two-, four- and six-

weeks post transplantation (Figure 5.1.A).

As discussed previously in Chapter 4 iTEC-MultiRTOC performed better that single
iITEC-RTOC in supporting T cell development into the DP stage but did not perform
as well as ITEC+FTM-RTOC. During this experiment iTEC-MultiRTOC and
iITEC+FTM-MultiRTOC (each RTOC contained 50,000 FTM cells) were both tested,
to ensure FTM did not have an impact on LPC recruitment and that it did not have
an additive effect with the increase in ITEC numbers (Figure 5.1.B). Negative control
Cre MEFs were not included, to reduce number of mice used for experiments as
previous experiments show that Cre MEFs do not support any T cell development

upon transplantation.

The flow cytometry panel used to investigate T cell differentiation in the recovered
grafts included 7-AAD, CD45.1, CD45.2, CD3¢, TCRp, CD4, CD8, CD25, CD44,
CD69 and CD62L. DN T cells can be further divided into DN1, DN2, DN3 and DN4
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based on the expression of CD44 and CD25 (Godfrey et al., 1993). SP T cells have
been shown to progress through intermediate stages of maturation before reaching
a fully mature state ready for travel to the periphery of the animal. CD69 is a marker
of TCR-mediated positive selection and can be used to identify semi-mature SP that
are undergoing or have recently completed positive selection (Yamashita et al.,
1993; Kimura et al., 2002). SP that co-express high levels of TCR and CD69 are
indicative of SP directly post-positive selection. Progressing into a mature state
CD69* T cells upregulate CD62L and downregulate CD69 and reach an egressing
phenotype ready to leave the thymus and enter the periphery through the CMJ
(Alfonso, McHeyzer-Williams and Rosen, 2006; Bankovich, Shiow and Cyster, 2010;
Xing et al., 2016). Taken together CD69 and CD62L can distinguish semi-mature T

cells from mature egressing thymocytes.

Thus, 7-AAD was used as a marker of cell death, CD45.1 or CD45.2 to determine
cell origin (host vs donor) , CD3¢ and TCR{ for a8 T cells (CD3¢*TCRfB*), CD25 and
CD44 to determine what DN stage T cells are located in DN1 (CD44*CD25), DN2
(CD44+CD25%), DN3 (CD44-CD25%), DN4 (CD44CD25"), CD4 and CDS8 for
progression from DN to DP and SP stages and CD69 and CD62L to determine
semi-mature (CD69*CD62L") and mature egressing T cells (CD69-CD62L").

Absolute cell counts were calculated for the above cell populations for both host and
donor cells. Three independent experiments were carried out for each timepoint.
Although some conditions had more than one animal being grafted with the same
condition on the same day, grafts recovered from each animal were processed
independently and therefore provide separate datapoints, rather than average
animals from the same surgical date. As total animal numbers were low and the
variability of the ITEC system is high, it was considered the best option to capture

the variability seen in these experiments.

iTEC-MultiRTOC, ITEC+FTM-MultiRTOC and positive control RFTOC were grafted
into Ly5.1 homozygous mice and recovered after two, four or six weeks in vivo.
Grafts were removed from under the kidney capsule and mechanically dissociated
with a syringe plunger through a 40 um filter to liberate thymocytes. These were
then stained with antibodies mentioned above and analysed on an ACEA

Novocyte® cell analyser.

Representative FACS plots for grafts recovered after two, four and six weeks in vivo

are presented in Figures 5.2-4, Figures 5.5-7 and Figures 5.8-10, respectively.
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Absolute cell counts of T cell populations were calculated for each mouse and
timepoint and are presented in Tables 5.1- 5.6. A summary of absolute cell count
means for each condition and timepoint can be seen in Table 5.7 (donor) and 8
(host).

RFTOC cell numbers are used as a guide for trends over time and for the thymocyte
subsets that should be present in an optimal reaggregated transplanted thymic
system, rather than for direct comparison of cell numbers, due to differences in the
overall cellular inputs in these two systems and because the overall cellularity of the
RFTOC was much higher than that of the ITEC RTOC. Due to the latter and the
large variability in cell number between experiments, data were normalised through
log transformation to view trends over time. Logio(absolute cell number+1) was
calculated to ensure the inclusion of any cell populations with an absolute cell count
of zero. Bar plots summarising these data for donor T cell subsets present at two,
four and six weeks are found in Figure 5.11. Bar plots for host T cell subsets are

found in Figure 5.12.
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Figure Legend:
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Figure 5.11. Log transformed absolute cell numbers of donor thymocytes present
in grafts 2,4 or 6 weeks in vivo in the presence or absence of FTM in iTEC

MultiRTOC. Graphs display mean+SD. DN (CD4CD8-), DN1 (CD44*CD257), DN2 (CD44*
CD25*), DN3(CD44-CD25*), DN4 (CD44-CD25"), DP (CD4*CD8*), CD3e*TCRB* T cells,

SP4 (CD4*CD8"), SP8 (CD4-CD8*), Semi-mature(CD3¢*TCRB*CD69*CD62L"), Egressing
Thymocytes (CD3e*TCRB*CD69-CD62L"). iTEC-MultiRTOC 3 x (600,000 iTEC + 100,000

WT MEFs + 100,000 DNs), iTEC+FTM-MultiRTOC 3 x (600,000 iTEC + 100,000 WT MEFs +
100,000 DNs + 50,000 FTM), RFTOC (6 dissociated whole E15.5 thymic lobes + 200,000 WT
MEFs). Thymocytes were obtained from grafts recovered 2,4 or 6 weeks post transplantation.
Each datapoint represents one animal with N=3 independent experiments in total.
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Figure 5.12. Log transformed absolute cell numbers of host thymocytes present
in grafts 2,4 or 6 weeks in vivo in the presence or absence of FTM in iTEC

MultiRTOC. Graphs display mean+SD. DN (CD4CD8"), DN1 (CD44*CD25’), DN2 (CD44*
CD25*), DN3 (CD44-CD25*), DN4 (CD44-CD25"), DP (CD4*CD8"), CD3&e*TCRB*T cells, SP4
(CD4+*CD8-), SP8 (CD4-CD8*), Semi-mature (CD3e*TCRB*CD69*CD62L"),Egressing Thymocytes
(CD3e*TCRB*CD69-CD62L"). iTEC-MUltiRTOC 3 x (600,000 iTEC + 100,000 WT MEFs +
100,000 DNs), iTEC+FTM-MultiRTOC 3 x (600,000 iTEC + 100,000 WT MEFs + 100,000 DNs

+ 50,000 FTM), RFTOC (6 dissociated whole E15.5 thymic lobes + 200,000 WT MEFs).
Thymocytes were obtained from grafts recovered 2,4 or 6 weeks post transplantation. Each
datapoint represents one animal with N=3 independent experiments in total.
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5.2.B.iTEC recruit host lymphohaematopoietic progenitor cells (LPCs)
and support their T cell lineage commitment and development

Analysis of the recovered iTEC grafts revealed that very few donor T cells were
present by two weeks post-grafting. On average, there were less than 185 donor
cells still present, with the majority being DN1. The same pattern was observed at all
three timepoints analysed. These results do not indicate whether the majority of the
donor haematopoietic cells died following transplantation, or if they underwent
thymopoiesis and entered the peripheral immune system. The positive controls
contained large cell numbers of donor T cells at two weeks, with drastically
decreased numbers by four weeks and almost no donor cells remaining by six

weeks (29-fold decrease in two weeks).

Analysis of the presence of host haematopoietic cells revealed that, by two weeks
post-grafting, large numbers of host haematopoietic cells were present in iTEC
grafts and these numbers increased over time. On average, 16,083 cells were
present by two weeks (38% DN, 48% DP) in iTEC-MultiRTOC, whereas 30,656
(23% DN, 67% DP) were present in ITEC+FTM-MultiRTOC. By four weeks, iTEC-
MultiRTOC contained 59,961 host cells (15% DN, 78% DP), whereas iTEC+FTM-
MultiRTOC had 86,000 cells present (24% DN, 68% DP). By six weeks, iTEC-
MultiRTOC contained 59,000 cells (28% DN, 62% DP), while iTEC+FTM-MultiRTOC
contained 128,644 cells (6% DN, 88% DP). For all conditions, except iTEC-
MultiRTOC at six weeks, the number of host cells present in the graft increased over

time.

This pattern was also followed by a proportional reduction in DN and a proportional
increase in DP stage cells. Taken in combination, the fact that the numbers of both
DN and DP increase over time suggests continuous recruitment of LPCs to
replenish cells that have progressed from DN to DP, or profound proliferation of DNs

is taking place.

Inclusion of FTM in the MultiRTOC system at all three timepoints resulted in
increased numbers of host cells with 1.9-, 1.4- and 2.2-fold increases in total host
cells present compared to the corresponding iTEC-MultiRTOC conditions at two,
four and six weeks, respectively. However, due to the limitation in numbers of FTM
cells that could be harvested for each experiment, only one animal was grafted with
iTEC+FTM-MultiRTOC per experiment (three in total/condition). For iTEC-

MultiRTOC, a higher number of animals per timepoint was analysed, allowing for
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more variation to be captured. For example, for the iTEC+FTM-MultiRTOC
condition, animal 2 at two weeks contained a high number of host cells, increasing
the average for total host cells, DN and DP T cells. At four weeks, two of three
animals exhibited high host cell numbers with the third one containing far fewer. At
six weeks animal 1 outperformed the others, again increasing the average. Due to
the low number of animals examined for the ITEC+FTM-MultiRTOC condition, clear
conclusions were not able to be made on the effect of FTM in iTEC-MultiRTOC. This
requires repetition but was not within the scope of this PhD due to limited animals

available.

All conditions displayed an increase in cell number over time in all SP4 and SPS8,
subsets examined: CD3¢*TCRB* T cells, SP4 (CD3¢*TCRB*), SP8 (CD3e*TCRB"),
semi-mature (CD69*CD62L") and egressing (CD69-CD62L") T cells suggesting that

the recruited host LPCs completed normal thymopoiesis.

The numbers of T cells present in iTEC-MultiRTOC and positive control RFTOC
were very similar at two weeks in vivo, however, appear vastly increased by the
four-week timepoint with total host cells present being above 10° cells. The fact that
iTEC and RFTOC conditions resemble similar cell numbers at 2 weeks but differ
greatly after this suggests that iTEC may not display as good a recruitment
efficiency as native TEC, thymocytes present do not proliferate as much in iTEC
conditions, there is a T cell blockade at some stage of differentiation or iTEC do not
proliferate and offer an expanding niche to support an increasing number of

thymocytes.
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5.2.C. Do grafted iTEC-RTOC require donor haematopoietic progenitor
cells?

To examine whether donor LPCs are a requirement of the grafted iTEC-RTOC
system, | designed an experiment in which multiple RTOC were transplanted, that
consisted of only iTEC and WT MEFs (Figure 5.13.A). For the iTEC condition three
RTOC containing 200,000 iTEC + 100,000 WT MEFs were transplanted and their
ability to support recruited host LPCs was examined along with the histology of
recovered grafts. Negative control recipients received the same cell number, with

iTEC being replaced by Cre MEFs. Grafts were left for four weeks before analysis.

Two completely independent biological replicates were performed for the flow
cytometry analysis, with two animals transplanted per experiment, and one
biological replicate was performed for negative control results, due to lack of mice
available for transplantation. Data points were kept separate to capture variability

within the same experiment.

For the histological analyses, the experiment was only carried out once, two animals
were transplanted with the same iTEC condition and compared. This experiment
was carried out prior to the analyses described in section 5.B above and provided
the first indication that iTEC grafts can recruit host LPCs and support their

development into T cells.

The ITEC-only reaggregate transplants were recovered four weeks after
transplantation. The recovered grafts contained CD45* haematopoietic cells. A high
percentage of the CD45" haematopoietic cells present were in the DP stage of T cell

development (Figure 5.13.B).

The presence of CD45* cells and their presence in the DP stage of T cell
development indicates that recruitment of host LPCs occurs in iTEC-only grafts, and
that these become committed to the T cell lineage and are supported through to the
DP stage of thymopoiesis. Flow cytometry analysis was performed after staining for
CD45, CD4, CD8, CD3¢, TCRB, FOXP3 and Fixable Viability Dye (FVD) eFluor450.
Percentages of parent gate were calculated for CD45" live cells, DN (CD4CD8"), DP
(CD4*CD8%), SP4 (CD4*CD8"), SP8 (CD4CD8*), T cells (CD3¢*TCRB*), and Tregs
(CD4*FOXP3*) (Table 5.9). Representative FACS plots and gating hierarchy can be
seen in Figure 5.14 (Cre) and 5.15 (iTEC).
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The Cre negative control graft did not contain any DP cells even though CD45* cells
were present, so these are likely to represent recirculating T cells from the host
(SP4, SP8 and CD3e*TCRB* T cells) as well as cells of other haematopoietic
lineages. The iTEC graft recipients displayed varying levels of haematopoietic cells
as a proportion of the total graft cellularity, varying from 1.9% through to 10.12%. All
the iITEC grafts contained DP T cells present, indicating active thymopoiesis. These
data establish that iTEC grafts generated without donor thymocytes or fetal thymic
mesenchyme can attract host LPCs and support their commitment to and
development along the T cell lineage. However, the size of the recovered grafts
suggested that these grafts were not as robust as iITEC-MultiRTOC that contained

donor thymocytes.

H&E analysis of the recovered iTEC grafts revealed regions of hematoxylin staining
cell nuclei characteristic of T cells in the thymus (Figure 5.16). They also contained
large regions of eosin staining indicating an absence of T cells. Overall, the
recovered grafts lacked classical thymus morphology. Recovered grafts presented
in Figure 5.16 are 0.8 mm x 0.35 mm and 1.2 mm x 0.56 mm (Width x Height)
respectively. For comparison, the same condition but containing donor thymocytes
is presented in Chapter 4 in Figure 4.1.12 and RepA which resembles native thymic
architecture is 1.5 mm x 0.72 mm. Immunohistochemical staining with aK8, UEA1
and aCD45 revealed the presence of all three markers within the grafts, but no

organisation into distinct cortical and medullary regions was evident (Figure 5.16).

When compared to the histology of recovered grafts of iTEC-RTOC that contained
donor thymocytes (shown in Chapters 3 and 4), it is evident that the histology of
recovered grafts of ITEC+MEFs-only reaggregates show fewer characteristics of the
native thymus. This suggests that donor thymocyte presence and therefore thymic
crosstalk, possibly early after ITEC-RTOC formation, may have a positive impact on
the capacity of iTEC to organise into cortical and medullary compartments and to
attain their full functionality. As previously shown, the organisation of iTEC grafts
into cortical and medullary regions occurs only in a proportion of grafts. Therefore,
these data highlight the importance of donor lymphocytes in establishing graft
organisation. As the availability of donor thymocytes was not an issue and these
experiments are very time-consuming and use animals, it was decided going

forward to leave donor thymocytes in the iTEC-RTOC system.
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Removing Donor Thymocytes from the iTEC System

A .
) iTEC Cre MEFs
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Figure 5.13. Transplantation of iTEC with WT MEFs is capable of recruiting host
lymphoid progenitors and supporting thymopoiesis. All cells are syngeneic to the
host (WT C57BL/6J). A) For the iTEC condition three RTOC consisting of 200,000 iTEC and
100,000 WT MEFs each were transplanted under the kidney capsule. For the Cre MEFs
condition three RTOC consisting of 200,000 Cre MEFs and 100,000 WT MEFs each were
transplanted under the kidney capsule. B) Barplots of Live CD45* and DP (CD45*CD4*CD8*)
cells present within the grafts 4 weeks post-transplantation. Each datapoint represents one
animal. N=2 (2 animals/ experiment) independent experiments for iTEC and N=1 experiment
for Cre MEFs.
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Figure 5.14. RTOC consisting of Cre MEFs and WT MEF are not able to recruit
lymphoid progenitors and support T Cell lineage commitment and development.

Representative FACS plots 4 weeks in vivo. Transplant recipients received three RTOC

consisting of 200,000 Cre MEFs +100,000 WT MEFs.
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Figure 5.15. RTOC consisting of iTEC and WT MEF are able to recruit lymphoid
progenitors and support T Cell lineage commitment and development.

Representative FACS plots 4 weeks in vivo. Transplant recipients received three RTOC
consisting of 200,000 iTEC +100,000 WT MEFs.

265



Condition Animal CD45* | DN DP SP4 SP8 CD3e*TCRB* | Tregs
Cre MEFs 1 (1st EXP) 0.17 75 0 21.43 3.57 25 0
iTEC + 1 (1st EXP) 10.12 | 16.5 | 78.07 | 3.98 1.45 5.39 0.77
MEFs 2 (1st EXP) 3.12 | 11.02 | 8143 | 5.1 2.45 5.1 0
3 (2nd EXP) 1.9 68.9 11 12.2 7.89 20.1 0
4 (2nd EXP) 9.35 | 72.86 | 20.48 | 4.02 2.63 6.14 0
Mean 6.12+ | 4232 | 47.75 | 6.33 3.61+ 9.18+6.31 0.19 +
3.64 + + + 251 0.33
28.65 | 32.20 | 3.42

Table 5.9. Cell percentages of parent gate for the cell populations shown, in
recovered grafts transplanted with iTEC or Cre MEFs plus WT MEFs,
recovered 4 weeks post-transplantation. Cell percentages of each animal along with

mean +SD for iTEC condition.
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iTEC and WT MEF only MultiRTOC
3 X RTOC (200,000 iTEC + 100,000 WT MEFs)

Recipient A Recipient B

200 m.

Recipient A Recipient B

Figure 5.16. Transplantation of iTEC with WT MEFs is capable of recruiting host
haematopoietic cells. Histology of recovered iTEC-MultiRTOC grafts 3 x (200,000 iTEC

+ 100,000 WT MEFs). H&E (top panel), IHC (bottom panel). Grafts were stained with
cytokeratin 8-K8 (green) for cortical regions, UEA1 (magenta) for medullary regions and CD45
(cyan) for haematopoietic cells. 100 um scale bar for IHC images. Data shown was carried out
for N=1 experiment. Left is iTEC recipient A and right is iTEC recipient B. Graft recovered for
Cre MEFs recipient was not large enough to histologically examine.
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5.3. Discussion

This Chapter focuses on contribution of donor versus host iTEC-derived T cells
within grafts. | have also examined the complete removal of other cell types (bar
MEFs) from iTEC-RTOC. An alternative approach for iTEC transplantation was
explored with the administration of increased amount of RTOC and iTEC numbers
per recipient to compensate for the lack of FTM, which is the biggest limiting factor
of these experiments. The ability of iTEC to recruit host lymphohaematopoietic
progenitors and support their T cell lineage commitment and development was
determined. Finally, the importance of donor DN thymocytes in iTEC-MultiRTOC
that contain only iTEC and WT MEFs was explored.

5.3.A. LPC Recruitment

In section 5.2.B of this chapter, the ability of iTEC to recruit host lymphoid
progenitors (LPCs) and support their development was explored. The thymus does
not contain any HSCs with long-term self-renewal capacity, or indeed any other self-
renewing haematopoietic population, and therefore requires recruitment of BM-
derived progenitors from the circulation to support T cell generation throughout the
lifespan (Scollay, Smith and Stauffer, 1986; Donskoy and Goldschneider, 1992;
Zlotoff and Bhandoola, 2011).

HSCs in the bone marrow give rise to multipotent progenitors (MPPs) which then
become lymphoid-primed MPPs (LMPPs), collectively known as LSK (Lin-Sca-1*c-
Kit*). LMPPs give rise to common LPCs (Zlotoff and Bhandoola, 2011). Rare
numbers of LPCs enter the thymus, described as thymic settling progenitors, and
undergo thymopoiesis. Only a handful of lymphoid progenitors enter the thymus
each day and once entered these cells are thought to persist for only several weeks
(Scollay, Smith and Stauffer, 1986). It has been shown postnatally that 2-3% of
LPCs are replaced daily (Donskoy and Goldschneider, 1992).

Thymopoiesis is characterised by several proliferative thymocyte bursts taking place
at specific checkpoints. Early thymic progenitors (ETPs) undergo 1,000-fold
expansion upon entry to the thymus over the course of ten days (Shortman et al.,
1990; Petrie, Carlos and Niga-Pfi Ucker, 2007). More recently it has been shown
that membrane bound KitL(on vascular endothelial cells)-c-Kit(on ETPS) interactions
coordinate vascular endothelial cell and ETP expansion (Buono et al., 2018), and
highlights the role of vascularisation in this process. Interestingly so, it has been

shown that robust proliferation of ETPs, and possibly downstream thymocytes, can
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compensate for LPC entry defects in animal models such as CCR7(-/-) CCR9(-/-)
double knockout mice which display normal thymic cellularity despite the reduced
number of ETPs (Krueger et al., 2010; Vicente et al., 2010; Zlotoff et al., 2010).
When receiving Notch signalling at the DN1 stage for T cell lineage commitment,
thymocytes upregulate CD25 and transition to the DN2 phase and undergo a further
wave of proliferative expansion (Penit, Vasseur and Papiernik, 1988). Thymocytes
that successfully pass 3-selection transition into the DN4 stage and undergo further
proliferation (Petrie et al., 1995; Petrie, Carlos and Niga-Pfi Ucker, 2007). Lastly SP
thymocytes also undergo one last expansion in a clonotypic manner, prior to
emigration to the periphery, with this mediated by TCR signalling, based on the
higher range of the low affinity range for self-peptide:MHC ligands that have passed
negative selection (Pénit and Vasseur, 1997; le Campion, Vasseur and Pénit, 2000;
Léaument et al., 2002).

The experiments described in this Chapter investigated the presence of developing
host thymocytes at all major stages of T cell development from DN through to SP.
These demonstrated a numerical increase in all subsets assayed over time, from
two to four to six weeks post-transplantation, suggesting that either: (i) recruitment
takes place more than once and the starting population of LPCs entering the iTEC
grafts is replenished or (ii) certain T cell subsets are undergoing robust proliferation
bursts. There is the possibility that the increase in T cells over time could be due to
proliferation bursts following major steps of thymopoiesis such as those occurring

after colonisation, commitment, 3-selection and SP4/SP8 fate decision.

In these experiments, donor thymocytes were completely depleted in iTEC-
MultiRTOC by the two-week time point or remained as DN stage cells. It is not
known whether the remaining donor thymocytes completed successful thymopoiesis
and entered the peripheral immune system or underwent apoptosis in the RTOC. An
experiment that examined the origin of the T cell populations found in the blood,
lymph nodes and spleen of the grafted animals could be used to determine this. The
latter would be crucial in order to understand whether acceptance of differentiated
donor T cells takes place in the host and what the distribution of these subsets looks
like. Although grafts with FTM in some case resulted in a higher overall number of
host thymocytes, due to high variability between experiments it was not determined
whether FTM had an impact on LPC recruitment or just improved early T cell

development as discussed previously.

269



5.3.B. Investigation into the requirement of donor thymocytes for iTEC-

RTOC transplantation

Transplantation of allogeneic donor BM derived cells or peripheral blood stem cells
can result in graft vs host disease (GvHD), whereby transplanted T cells in the graft
elicit an immune response again the host (Shlomchik, 2007). It is therefore highly
advantageous for a system such as iTEC-RTOC, that aims to treat T cell
immunodeficiencies, that it does not rely on supply of donor LPCs that may lead to
immunological complications but rather utilises the hosts own LPCs. In the future the
iTEC system could be utilised to be patient specific so that they are selecting for T
cells with the same set of major and minor MHC molecules as the host. In the case
where iTEC are not fully syngeneic to the host it would be expected that positive
selection would take place partly on the wrong haplotype resulting in host-reactive
clones. In addition, negative selection would also be partly on the wrong haplotype
and set of minors. Interestingly so, Markert, Devlin and McCarthy (2010) report that
HLA-mismatched donor thymocytes were positively selected for and underwent
successful thymopoiesis and protected the host from infection, in DGS patients that
had been transplanted with allogeneic thymic tissue. They also report the possibility
that host DCs infiltrating the graft may be the ones responsible for mediating
negative selection to overcome HLA-mismatch issues. However, the mechanisms
behind positive and negative selection in allogeneic thymic tissue transplantation are
not characterised but theories surround contribution of host cells to positive
selection in allografts: (i) recipient thymocytes presenting self MHC to each other, (ii)
epithelial cells recruited to allograft and (iii) host DCs in the cortex (Markert, Devlin,
McCarthy, 2010). As this system is ill defined it would be beneficial to keep it as
simple as possible and eliminate the need for donor thymocytes that may lead to

immunological complications.

The iTEC-only’ condition represents a system that is not limited by donor tissue
availability and relies solely on reprogrammed iTEC plus WT MEFs, that can be
cultured in abundance, and would therefore be the easiest to scale up for future
clinical use. As both iTEC and WT MEFs can be generated in abundance this would
offer a good system for meeting T cell immunodeficiency patient tissue needs for

thymus transplantation.

It was found that iTEC-MultiRTOC in the absence of donor thymocytes can support

thymopoiesis of recruited LPCs but that the histology of recovered grafts four-weeks
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post transplantation was not as similar to native thymus (abundance of thymocytes,
distinct cortical and medullary regions) as when donor thymocytes were present.
These histology results were based on two grafted animals. As seen in Chapter 3
and Chapter 4, the histology of recovered grafts within the same batch of
experiments and conditions varied considerably. So, although the histology
appeared not optimal, we cannot yet rule out that this condition has the ability to
produce a structure similar to that of the native thymus. However, the hypothesis
that ITEC-MultiRTOC consisting solely of iTEC and WT MEFs, in the absence of

DNs, are sufficient to direct host T cell development was confirmed.

The reason behind the improved histology of iTEC-MultiRTOC remains unknown but
one contributing factor could be thymic crosstalk. Studies have shown that
reciprocal interactions between developing thymocytes and thymic epithelial cells,
named thymic crosstalk, is important for the maturation and expansion of TEC.
Thymic regeneration, cTEC differentiation, medullary differentiation and organisation
alongside self-tolerance induction have all been linked to thymic crosstalk (Klug et
al., 1998; Dudakov et al., 2012; Williams et al., 2014; Kaneko et al., 2019; Nitta et
al., 2020).

Van Ewijk and colleagues first described the term ‘thymic crosstalk’ after finding that
development of cortical and (particularly) medullary architecture was reliant on
interactions with developing thymocytes (van Ewijk, Shores and Singer, 1994). Van
Ewijk later went on to describe the importance of thymic crosstalk in shaping the
architecture of these intrathymic niches and specifically the cortical and medullary
environments required to support T cell development (van Ewijk et al., 1999, 2000).
Some of the studies carried out in order to elucidate thymic crosstalk are discussed
in detail in Chapter 1 and focus specifically on the requirement of thymic crosstalk in
medullary expansion and cortical architecture. It was reported that early TEC
development did not require TEC-thymocyte crosstalk to occur in order for TEC
progenitors to differentiate and form fully functional and phenotypically correct
cortical and medullary regions (Jenkinson et al., 2005). The data presented in that
study, compares E15.5 WT lobes to E15.5 CD3¢tg26 (block at DN1 stage) lobes
prior and after 5 days of culture in 2-dGuo (depletes T cells). The group reports the
presence of all K5*K8* (TEPC), K5-K8* (cTEC) and K5*K8 (mTEC) TEC subsets in
both WT and CD3¢etg26 E15.5 thymic lobes at similar proportions upon collection

and maintenance of K5* and K8* cells following 5 days treatment with 2-dGuo. In
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both conditions following culture in 2-dGuo the TEC expressed similar levels of gklf
(cTEC), plunc and aire (nTEC) and were able to support DN to DP and DPto SP T
cell development of WT thymocytes introduced into organ cultures with similar
proportions in both conditions. So more specifically their results show that TEC

development is thymocyte independent up until E15.5 of embryonic development.

Although Jenkinson et al. reported similar proportions of TEPC (K5*K8*) and cTEC
(K8*K5") in E15.5 WT and CD3¢tg26 thymic lobes, Klug and colleagues (1998)
report that this is not the case in the adult thymus. Following subrenal capsule
transplantation of CD3gtg26 newborn thymi (DN1 block) into Ragl” mice (DN3
block), cTEC organisation and structure (reported to lack typical radial organisation
in CD3¢tg26) is restored demonstrating the importance of thymic crosstalk during
early stages of T cell development on the cortex (Klug et al., 1998). In contrast when
newborn CD3¢gtg26 thymi are transplanted into CD3¢gtg26 for four weeks the
recovered grafts only presented with K5*K8* cells (Klug et al., 1998). Ragl”’ mice
thymi despite containing both TEPC and cTEC populations with normal
organisation, but no medullary region formation, have a higher proportion of TEPCs
than WT thymi suggesting a role of DN thymocytes in cTEC development or
expansion and later stage thymocytes in medullary expansion (Klug et al., 1998).
Klug and colleagues later published a follow up study whereby they show that during
early fetal development TEC develop independently of thymocyte crosstalk but that
these signals are required during late fetal development for normal neonatal and
adult thymic epithelial compartment patterning (Klug et al., 2002). The group
confirmed this through immunohistological analysis of K8 and K5 staining patterns in
RAG2/yc-deficient’ and Ikaros” thymi at E13.5, E15.5 that thymic crosstalk was not

required at these stages for TEC development.

In order to determine if the improved histology of iTEC grafts containing donor
thymocytes, in comparison to those lacking, is due to thymic crosstalk benefiting
iTEC maturation and differentiation, prior to transplantation (2 days in vitro prior to
transplantation plus period required to recruit host LPCs), experiments investigating
mice transplanted with iTEC-MultiRTOC containing donor thymocytes from BM
mutated mice could be carried out. Mutated BM could be obtained from mouse
models such as: H2-Aa™- (lacking SP4), B2m~ (lacking SP8), Tcra’- and Zap70
(lacking all SPs), TCR- SCID, Ragl” and Rag2” (block at DN3) mutant mice which

display blocks at various stages of T cell development. As availability of donor

272



thymocytes is not an issue this was not examined, and other experiments discussed

next were prioritised.
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5.4. Conclusions

To conclude, it was discovered that iTEC, upon transplantation alongside WT MEFs
with or without donor thymocytes, were able to recruit host lymphoid progenitors and
support their T cell lineage commitment and development. However, the presence of

thymocytes in grafts resulted in improved native thymus-like histology.

From this work, the currently optimum protocol for grafted iTEC-RTOC is multiple
RTOC containing iTEC, WT MEFs and donor thymocytes. This is the condition that

will be taken forward and discussed in Chapter 6.

274



Chapter 6: Investigation into the capacity of iTEC-
RTOC to reconstitute T cell immunity in athymic

Foxn1®CS mice

6.1. Introduction and aims

The data presented in Chapters 3, 4 and 5 characterised the T cells generated
within grafted iITEC-RTOC using flow cytometric analysis but did not analyse the
diversity or functionality of the peripheral T cell repertoire that developed in the graft
recipients. Bredenkamp and colleagues (Bredenkamp et al., 2014) using the original
iTEC protocol, reported that nude (Foxn1’) mice that received iTEC grafts
developed peripheral T cells, but showed only limited analyses of three iTEC
recipients (CD4, CD8, CD3g, TCRB, CD62L, CD44, FOXPS3, plus five VB-specific

antibodies).

A T cell repertoire composed of a pool of T cells that collectively express a diverse
array of unique T cell receptors (TCR) is required for a healthy adaptive immune
system, in order to allow recognition of the wide variety of non-self-antigens that
may be presented to T cells in the context of major histocompatibility complex
(MHC) molecules on antigen presenting cells. All TCR chains contain a constant
region and a variable region, which is responsible for antigen recognition. The TCR[3
chain is encoded by variable (V), diversity (D) and joining (J) genes. VDJ
recombination takes place via a combinatorial rearrangement mechanism in which
each V gene segment may recombine randomly with each D and J segment to form
variable domains, giving a potential combinatorial diversity of 104 (Murugan et al.,
2012). Random addition or deletion of nucleotides at the junction between the gene
segments introduces additional diversity, called junctional diversity (Burtrum et al.,
1996; Miles, Douek and Price, 2011; Rosati et al., 2017), as does recombination
with a constant region. Overall, this process of T cell receptor rearrangement
results in a highly diverse pool of TCRf chains, each expressed by an individual T
cell clone, that are capable of a wide range of antigen recognition, this is referred to
as the primary TCR repertoire. The theoretical diversity of the primary T cell

repertoire is 104,
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Each TCR chain contains three complementarity determining regions (CDR1-3) with
CDR1 and 2 encoded by V genes and CDR3 by the highly variable region between
V and J (Rosati et al., 2017). CDR3 is the region of the TCR that comes in direct
contact with the peptide antigen of the peptide:MHC complex and its sequence is
frequently used to determined T cell clonotypes and therefore the TCR repertoire
diversity (Turner et al., 2006; Miles, Douek and Price, 2011). T cells most commonly
have unique CDR3s unless they have been clonally expanded (Turner et al., 2006;
Miles, Douek and Price, 2011).

In this chapter, | tested whether iTEC-RTOC generated using the optimised iTEC
protocol described in Chapters 3, 4 and 5 could repopulate the periphery of
syngeneic athymic mice with a diverse TCR repertoire. The aim of this work was to
characterize the ITEC-derived T cell population in greater depth than previously
reported, and thus to determine the strengths and weaknesses of the iTEC system

for transplantation into T cell deficient hosts.

6.1.A. The Foxn1®© nude athymic mouse model

To test whether ITEC-RTOC could repopulate athymic mice with T cells and to
characterise the TCR repertoire produced within RTOC based on the optimised
iITEC system, a series of transplantation experiments was carried out. For these
experiments, knowing that iTEC recruit the host lymphoid progenitors, syngeneic
hosts were utilised. Our lab has previously generated a transgenic mouse model
(Foxn1©) that has a severely hypomorphic Foxn1l allele (Figure 6.1.A).
Heterozygous Foxnl1®* mice have substantially reduced Foxnl expression
compared to WT mice. Foxn1®® mice are hairless and athymic, effectively
phenocopying the nude phenotype (Figure 6.1.B). The Foxn1C€ strain was produced
and characterized by the Blackburn lab (data not published, Christin Tischner 2010).
Foxn1®¢ embryonic thymic lobes were found to consist of K5*K8* TEC, were
reduced in size and failed to recruit haematopoietic progenitors to the thymic
rudiment. Postnatal Foxn1®¢ mice had alymphoid thymic rudiments, which
appeared to consist of TEC arrested in a progenitor state lacking terminal
differentiation markers. Therefore, in the experiments described here, Foxn1¢C nude
mice were used as athymic recipients, as they could be generated in house on a
C57BL/6J background. Of note is that we were unable to source commercial Foxnl-
l- C56BL/6 mice.
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The experiments described below tracked the presence of T cells in the peripheral
immune system of these recipient mice over five months, to provide insight into the
ability of iTEC-RTOC to repopulate the periphery of the animal with mature T cells,
identify the T cell subsets generated and determine the diversity of the TCR
repertoires generated, using TCR V[ region RNA-Seq. These experiments also
allowed the simultaneous investigation of the longevity of iTEC-RTOC grafts, which

was not tested in the original publication.

277



A) WT Foxn1 allele:
Nde1 Nde1

Foxn1€ allele:
Nde1 Nde1 Nde1 Nde1

B) Foxn1%¢ homozygous phenotype: nude & athymic

Absence of thymus

Heart

Figure 6.1. Foxn1¢¢ nude athymic mouse model. A) lllustration of Foxn1¢ severe
hypomorphic allele. A GFP containing Stop cassette is placed between the promoter and
translational start site of the Foxn1 locus. B) Phenotype of Foxn1%¢ homozygous mice.
Foxn1¢¢ homozygous mice are hairless and athymic.
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