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Abstract

Endogenous thymic regeneration is a crucial function that allows for renewal of immune
competence after stress, infection or immunodepletion. The mechanisms governing this
regeneration, however, remain poorly understood. Here we detail a framework of thymic
regeneration centred on IL-22 and triggered by depletion of CD4+CD8+ double positive (DP)
thymocytes. Intrathymic levels of IL-22 were increased following thymic insult, and thymic
recovery was impaired in IL-22-deficient mice. IL-22, which signalled through thymic epithelial
cells (TECs) and promoted their proliferation and survival, was upregulated by radio-resistant
RORy(t)+CCR6+NKp46- lymphoid tissue-inducer cells (LTi) after thymic injury in an 1L-23
dependent manner. Importantly, administration of IL-22 enhanced thymic recovery following total
body irradiation (TBI). These studies reveal mechanisms of endogenous thymic repair and offer
innovative regenerative strategies for improving immune competence.

Despite being exquisitely sensitive to insult, the thymus is remarkably resilient in young
healthy animals. However, thymic renewal after immune depletion is a prolonged process,
particularly in elderly patients, which substantially impairs the recovery of adaptive
immunity (1, 2). This period of prolonged immune deficiency leads to an increase in
opportunistic infections and higher treatment-associated morbidity and mortality (2, 3).

Thymopoiesis is a complex process involving cross-talk between developing thymocytes
and the non-hematopoietic supporting stromal microenvironment, which is comprised of
specialized thymic epithelial cells (TECs), endothelium, fibroblasts and dendritic cells
(DCs) (4, 5). TECs can be separated into two populations, cortical TECs (cTECs) and
medullary TECs (MTECSs), which differ in their spatial location and function within the
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thymus (4-6). IL-22 is primarily associated with the maintenance of barrier function and
induction of innate antimicrobial molecules at mucosal surfaces (7, 8). The principal sources
of IL-22 are T helper 17 cells and innate lymphoid cell (ILC) subsets (9-12). Given its role
in both promoting and reducing autoimmune pathology within epithelial compartments (8),
we hypothesized that IL-22 would mediate epithelial regeneration after thymic injury.

At baseline, untreated wildtype (WT) and mice genetically deficient in IL-22 (//2277) (13)
demonstrated no difference in total thymic cellularity or in numbers of the various thymic
cell populations (fig. SLA-D). To explore the effects of IL-22 deficiency on thymic
regeneration after insult (14), WT or /227~ mice were given sublethal total body irradiation
(SL-TBI). //227~ mice demonstrated significantly impaired thymic regeneration for up to 28
days after SL-TBI (fig. 1LA) with significantly reduced numbers of all developing thymocyte
subsets, TECs and non-TECs (including endothelial cells and fibroblasts) (fig. 1B-D). We
also performed syngeneic hematopoietic stem cell transplantation (HSCT) or allogeneic
HSCT and in both cases observed significantly reduced thymic cellularity and reduced
numbers of all thymic cell subsets in //227~ hosts (fig S2). Upon long-term follow-up, we
found that impaired thymic regeneration in /227~ mice persisted for up to 98 days after TBI
(fig. 1E). //227/~ mice given a targeted dose of radiation to the thymus also exhibited
significantly reduced thymic regeneration compared to WT controls at day 7 (fig. 1F),
suggesting that the systemic damage of TBI is not required for the impacts of IL-22
deficiency on thymic regeneration.

Thymic IL-22 production was measured in mice seven days after SL-TBI without HSCT,
lethal TBI and syngeneic HSCT or T cell depleted allogeneic-HSCT. In each of these
models we found a 2-3-fold increase in absolute amounts of IL-22 compared to control mice
that were not irradiated (fig. 1G). This was striking given the significant decrease in thymic
cellularity seen in irradiated mice (fig. S3A) leading to a profound increase in the amount of
IL-22 on a per cell basis (fig. S3B). Absolute amounts of IL-22 peaked on day 5,
corresponding closely with the lowest point of thymic cellularity, and returned to normal
amounts by day 10 as thymic cellularity returned to baseline (fig. 1H). These findings
revealed an inverse correlation (r=—0.8345) between thymic size and absolute amount of
intrathymic 1L-22 (fig. 11). We next titrated the radiation dose to further explore the
coupling between thymic cellularity and IL-22. Although increasing doses of radiation led to
more severe thymic insult (fig. S3C), peak absolute amounts of 1L-22 were achieved at the
lowest TBI dose (fig. S3D), which suggests that only a partial loss of thymic cellularity is
necessary for increased expression of IL-22. Importantly, mice given a range of radiation
doses targeted directly to the thymus also significantly increased their intrathymic amounts
of IL-22 (fig. S3E). In these same mice there was no change in the amounts of IL-22 in the
spleen after thymic irradiation suggesting that upregulation of intrathymic IL-22 is an
intrinsic local response to thymic injury.

ILCs that express the transcription factor RORy(t) have been identified as potent producers
of IL-22 (11, 15). Moreover, CD4*CD3~ thymic LTi contribute towards TEC development
and maturation (16). Three days after L-TBI (with no hematopoietic rescue) we identified a
population of CD45*IL-7Ra*CD3"CD8 RORy(t)* thymic ILCs (tILC) that upregulated
their production of IL-22 (fig. 2A). No IL-22 expression was found by CD3+ or CD45-
populations (fig. S4A-C). Closer examination revealed that IL-22-producing tILCs in both
untreated and TBI-treated mice uniformly expressed CD4 and CCR®6 but not NKp46 (fig.
2B), a phenotype consistent with that of LTi cells (15). Apart from its role in ILC function,
RORYy(t) is critical for thymocyte development and is widely expressed in the thymus (17).
Mice deficient for Rorc, the gene encoding for RORvy(t), contain normal amounts of
intrathymic IL-22 (fig. 2C) at baseline indicating that steady-state amounts of intrathymic
IL-22 do not require RORy(t) or LTi. However, in contrast to WT mice, Rorc”~ mice do
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not significantly increase their intrathymic amounts of 1L-22 in response to TBI (fig. 2C)
suggesting that RORy(t)+ LTi are critical for intrathymic upregulation in the production of
IL-22 after thymic damage. Thymic LTi were present immediately after radiation (fig. 2D),
indicating they are radio-resistant for the period when the upregulation of IL-22 is crucial
for thymic regeneration, and could persist for up to three months after L-TBI and HSCT (fig.
S4D). Furthermore, given the severe depletion of thymus cellularity early after TBI, their
frequency increased significantly after L-TBI (fig. 2E). After TBI, LTi also increased their
expression of RANKL (figs. 2F and S4E), which has been reported to aid TEC maintenance
and regeneration (16).

Regulation of 1L-22 production has been closely associated with DC-produced IL-23, and ex
vivoincubation of ILCs with IL-23 stimulates production of 1L-22 (13, 18-20). Three days
after L-TBI we found increased expression by LTi of IL-23R and RORy(t) (figs. 2F and
S4E), consistent with its importance in regulating IL-22 (21, 22). We then assessed
intrathymic amounts of 1L-23 /n vivo and observed increased IL-23 production after SL-
TBI, mirroring the kinetics of IL-22 (fig. 2G). Mice genetically deficient in //12b, the gene
that encodes the p40 subunit of 1L-12 and 1L-23, showed no change in IL-22 production (fig.
2H) and exhibited a defect in thymic regeneration after SL-TBI (fig. 21), demonstrating that
intrathymic TBI-induced production of IL-22 requires p40. Consistent with this, 1L-22
expression was increased by thymic LTi after 1L-23 stimulation /n vitro (fig. 2J).

We next sought to identify the source of elevated intrathymic IL-23 after TBI. Although
some thymic DCs expressed IL-23 at baseline, a greater frequency expressed 1L-23 after L-
TBI (fig. 2K). 1L-23 expression was found in both CD103+ and CD103- thymic DCs in
untreated mice; however, there was significant enrichment of I1L-23+ thymic DCs expressing
CD103 (fig. 2L) in irradiated animals. This is consistent with the finding that mucosal
CD103+ DCs are potent IL-23 producers (23).

To further explore the relationship between 1L-22 and thymocyte cellularity (fig. 1G),
mutant animals with well-defined blocks in intrathymic T cell development (24) were
examined for production of IL-22 and IL-23 (fig. 3A). Mice blocked within the CD4-CD8-
double negative (DN) stage of thymocyte differentiation, prior to developing CD4+CD8+
double positive (DP) thymocytes, expressed significantly more intrathymic IL-22 and IL-23
than WT controls (fig. 3B). In contrast, mice deficient for TCRa or CCR7, which lack
mature CD4 or CD8 single positive (SP) thymocytes but have no loss of DP thymocytes (5,
24), exhibited no upregulation of IL-22 and IL-23 (fig. 3B). Stable intrathymic I1L-22 and
IL-23 were also observed in mice deficient for CD40 ligand (Ca40/™") (fig. 3B), which
have a defect in mTECs, but normal numbers of DP and SP thymocytes (25). Consequently,
there was a strong inverse correlation between the number of DP thymocytes and amounts
of intrathymic IL-22 and IL-23 (fig. 3C), further suggesting that depletion or absence of DP
leads to upregulation of IL-22 and IL-23. This was confirmed by treatment with
dexamethasone (Dex), which specifically depletes DP thymocytes (fig. 3D) (26), and led to
upregulation of 1L-22 and 1L-23 in WT mice (fig. 3D). Strikingly, increased I1L-22
expression was detected in freshly isolated LTi from Dex-treated mice without incubation,
in stark contrast to the low/un-detectable levels in untreated mice (fig. 3E). Furthermore,
consistent with our findings in the TBI model, we observed significantly increased
expression of RORy(t) in LTi isolated from Dex-treated mice compared to untreated
controls (fig. 3F). Although IL-7 signaling has been implicated in LTi maintenance (27),
similar numbers of LTi were found in /77~ and RagZ™~ mice, and there was an increase in
/17ra™~ mice (fig. S4F). Furthermore, both the frequency of LTi (fig. S4G) and their
baseline production of IL-22 (fig. S4H) was increased compared to WT controls. In all our
models of thymic damage and mutant mouse strains there was a strong correlation
(r=0.9554) between amounts of thymic IL-22 and IL-23 (fig. S5).
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IL-22R is a heterodimer of IL-10Rp and IL-22Ra (8). Its expression has been reported to be
restricted to non-hematopoietic cells (8). No IL-22Ra was detectable on developing
thymocytes or non-epithelial stromal cells (fig. S6A). In contrast, IL-22Ra was expressed
on cTECs as well as MHC class 11 high and low expressing mTECs(mTECh and mTEC!°
respectively), a marker of TEC maturation (25) (Fig. 4A). To test if IL-22 could functionally
signal through IL-22R expressed by TECs, the TE-71 TEC cell line was stimulated with
IL-22. Consistent with mucosal epithelia (28), IL-22 stimulation of TE-71 cells led to
activation-induced phosphorylation of STAT-3 and STAT-5 (fig. S6B, 29).

To assess the impact of IL-22 on primary TECs, CD45- cells were enriched and incubated
with IL-22 or media alone for 24 hours. Although there was significant attrition of EpCAM
expression in untreated cells, those treated with 1L-22 maintained greater EpCAM
expression, representing viability, in culture (fig. 4B—C). Indicative of this, the presence of
IL-22 improved TEC survival and increased proliferation of cTECs and mTEC!® (fig. 4D).
There was no change in expression of apoptosis-related Annexin V or Bcl-2 proteins (fig.
S6C). These findings demonstrate that IL-22 signals through IL-22R on the surface of TECs,
and in particular in cTECs and mTEC!®. It is within this latter population that immature
mTEC populations are currently thought to reside (6). Although it is possible that IL-22 acts
as a maturation signal for mTECs, it is more likely that IL-22 primarily functions to induce
proliferation and viability, given the uniform expression of IL-22R on immature mTEC'®
and mature mTECN, and given the preferential promotion of proliferation amongst mTEC!®.

To examine the clinical effectiveness of IL-22 as a regenerative strategy, recombinant 1L-22
was administered to mice after SL-TBI. We found significantly increased thymic cellularity
at days 7 and 28, compared to controls, in mice receiving SL-TBI (fig. 4E). Increases were
also observed in all developing thymocyte subsets (fig. 4F) and TEC subsets (fig. 4G). There
was also a significant increase in the proliferation of cTECs and mTEC!® at early timepoints
after IL-22 treatment (fig. 4H). Importantly, IL-22-treated animals receiving L-TBI in
combination with syngeneic HSCT showed significantly enhanced thymic recovery at day 7
(fig. S7). In otherwise untreated animals given IL-22, we observed no change in total thymic
cellularity, although there was a small increase in cTEC and mTEC!® proliferation (fig. S8).

These studies suggest that after thymic injury, and specifically the depletion of DP
thymocytes, upregulation of 1L-23 by radio-resistant CD103+ thymic DCs induces IL-22
production by tILCs. This cascade of events leads to regeneration of the supporting
epithelial microenvironment and, ultimately, to enhanced thymopoiesis (fig. S9). We have
previously demonstrated in knockout studies that keratinocyte growth factor is also required
for thymic regeneration and is redundant for thymic ontogeny (30). In this instance,
however, depletion of DP cellularity triggers a thymic molecular network to aid in its own
regeneration. Interestingly, once the thymus has been restored, IL-22 production stabilizes.
Consistent with this, administration of 1L-22 was a highly effective regenerative strategy
after radiation damage, but had little effect in untreated mice or those with significant
recovery after syngeneic HSCT.

Prolonged thymic deficiency after cytoreductive conditioning is a significant clinical
challenge. These studies not only identify a mechanism governing endogenous thymic
regeneration, but also offer an innovative therapeutic strategy for immune regeneration in
patients whose thymus has been irrevocably damaged.
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Fig. 1.

IL-22 is critical for endogenous thymic regeneration and is upregulated upon thymic
damage. A-D, WT (grey bars, n=11) and /227~ (black bars, n=11) C57BI/6 mice were
given SL-TBI (550 cGy) with no hematopoietic rescue and enzyme-digested thymus
analyzed. Total thymic cellularity at days 7 and 28 after TBI (A), and developing thymocyte
(B—C) and stromal cell subsets (D) 28 days after SL-TBI. E, Total thymus cellularity in WT
(n=5) or //227~ (n=6) mice 98 days after SL-TBI. F, Total thymus cellularity seven days
after targeted thymic-irradiation (850 cGy) of WT (n=10) or //227/~(n=7) mice. G, Absolute
amounts of intrathymic IL-22 were measured by ELISA in untreated C57BL/6 (n=22),
untreated BALB/c (n=5) or 7 days after SL-TBI without HSCT (550 cGy, n=15) or L-TBI
and syngeneic HSCT (C57BI/6 HSCs into congenic C57BI/6 hosts, 2 x 550 cGy, n=10) or T
cell depleted allogeneic-BMT (B10.BR HSCs into MHC-mismatched C57BI/6 hosts, 2 x
550 cGy, n=10; or C57BI/6 HSCs into MHC-mismatched BALB/c hosts, 2 x 425 cGy, n=5).
H, Absolute amounts of 1L-22 (solid circle) plotted with total thymic cellularity (dashed
square) over time following SL-TBI (n=5-10/timepoint). Dashed and solid red lines
represent mean cellularity and IL-22 amounts respectively at baseline. |, Spearman
correlation between absolute amounts of intrathymic IL-22 and total thymic cellularity in
various models of thymic insult. Bar graphs represent mean + SEM of at least 2-3
independent experiments.
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IL-22 is produced by intrathymic ILCs under the control of IL-23. A—B, Enzyme-digested
thymus from untreated (n=11) or three-days after L-TBI (n=15) was incubated with
Brefeldin A (3p.g/ml) for 4 hours, but otherwise remained unstimulated. A, Intracellular
expression of IL-22 and RORy(t) by CD45*IL-7Ra*CD3"CD8™ tILCs in untreated or L-
TBI animals. B, Expression of CCR6, NKp46 and CD4 on IL-22 producing tILCs. C, 1L-22
levels measured by ELISA in thymus of untreated mice or 7 days after SL-TBI in WT or
Rorc™~ mice. Absolute number (D) and frequency (E) of

CD45*IL-7TRa*CD3"CD8 CD4*RORy(t) LTi in untreated mice (n=25) or 3 days after L-
TBI (n=10). F, Expression of RANK ligand (RANKL), IL-23R and RORy(t) in LTi from
untreated mice or 3 days after L-TBI. G, C57BI/6 mice were given SL-TBI (550 cGy) and
absolute levels of IL-23 (solid circle) were measured by ELISA at days 1, 3, 5, 7, 10, 14 and
21 (n=5/timepoint). Compared with IL-22 kinetics (dashed square) taken from fig. 1H. H-,
Absolute I1L-22 levels measured by ELISA (G) and total thymic cellularity (H) in untreated
mice (n=11) or 7 days after SL-TBI in WT (n=10) or /126~ (n=8) animals. J, Untreated
WT thymus was enzyme-digested and incubated +/- 1L-23 (60ng/ml) for 4 hours. After 1
hour of IL-23 incubation, Brefeldin A was added to all wells. IL-22 expression was
examined in CD45*CD3"CD8 CD4*IL7Ra*RORy(t)* LTi. K, Untreated (n=10) or 3 days
after L-TBI (n=10) thymus cells were incubated for 4 hours in Monensin (2.M), but
otherwise remained unstimulated. Intracellular IL-23 expression in thymic DCs
(CD45*CD11c*MHCII™) was measured. L, Expression of CD103 on IL-23-and 1L-23+
thymic DCs in untreated and L-TBI mice. Bar graphs represent mean + SEM of 2-3
independent experiments. FACS plots were generated by concatenation of at least 5
individual observations from one of at least 2 independent experiments.
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Fig. 3.

Absence of CD4*CD8* double positive thymocytes triggers the upregulation of I1L-23 and
IL-22. A—C, Mutant mouse strains with blocks at different stages of T cell development
were assessed for their production of IL-22 and IL-23. A, Schematic of T cell developmental
stage blocked in various mutant strains/methods used. B, Absolute IL-22 and IL-23 at
baseline in thymus of untreated WT (n=15), //7Ra”~ (n=9), //77~ (n=11), Ragl™~ (n=22),
Terb™~ (n=10), Tcra”™ (n=18), Ccr77/~ (n=6) and Ca40/~~ (n=10) mice. Statistical
comparisons were made with the Kruskal-Wallis test with post-test comparison to WT
controls. C, Spearman correlation between number of DP thymocytes and amounts of 1L-22
or IL-23 in various mutant mouse strains. D—F, C57BI/6 mice were treated with PBS (n=10)
or Dex (20mg/kg, n=11). D, Thymocyte profiles and absolute amounts of thymus IL-22 and
IL-23 were assessed 5 days after treatment. E, Freshly isolated LTi from untreated WT
(n=12) or Dex-treated (n=13) mice were analyzed for intracellular IL-22 with no incubation
period. F, Mean Fluorescence Intensity (MFI) of RORy(t) in LTi isolated from untreated or
Dex-treated mice. Bar graphs represent mean + SEM and all data is generated from 2-3
independent experiments. FACS plots were generated by concatenation of at least 5
individual observations from one of at least 2 independent experiments
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Fig. 4.

Exogenous administration of recombinant murine IL-22 enhances thymopoiesis by
promoting the proliferation and viability of TECs. A, WT thymus was enzyme-digested and
enriched for CD45- cells. Expression of IL-22Ra on cTECs (UEA-19), mTECI®
(UEA-1NMHCI1') and mTEC (UEA-1NMHCIIM). All populations gated on
CD45"EpCAM*. B-D, CD45~ or MHC-II"* enriched thymus cells were incubated for 24
hours +/- 1L-22 (100ng/ml). B, Expression of EpCAM in uncultured CD45- cells (n=5) and
in CD45- cells incubated for 24 hours with IL-22 (n=10) or media alone (n=10). C,
Proportion of specific TEC subsets in CD45™ cells incubated for 24 hours +/- 1L-22. D,
Expression of DAPI and Ki-67 on TEC subsets on MHCII-enriched thymus cells after 24
hours of incubation with 1L-22 (n=10) or media alone (n=10). For in vitro experiments with
enriched cells, each individual observation represents 3—4 pooled thymuses. E-H, C57BI/6
mice were given SL-TBI (550 cGy), treated with PBS (grey bars, n=10) or IL-22 (black
bars, 200p.g/kg/day, n=10-15) at days —1, 0 and +1 and assessed at days 7 and 28. Total
thymus cellularity (E) and absolute number of thymocyte (F) and TEC subsets (G). H,
Proportion of Ki-67 expressing cTECs, mTEC!® and mTECNI. Bar graphs represent mean +
SEM of at least 2 independent experiments. FACS plots were generated by concatenation of
at least 5 individual observations from one of at least 2 independent experiments.
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