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ABSTRACT

The molecular triggers of organotypic tissue repair are unknown. The thymus, which is the primary
site of T cell development, is a model of tissue damage and regeneration as it is particularly
sensitive to insult, but also has a remarkable capacity for repair. However, acute and profound
damage, such as that caused by common cytoreductive therapies or age-related decline, lead to
involution of the thymus and prolonged T cell deficiency, precipitating life-threatening infections
and malignant relapse. Consequently, there is an unmet need to boost thymic function and
enhance T cell immunity. Here, we demonstrate an innate trigger of the reparative response in
the thymus, centered on the attenuation of signaling directly downstream of apoptotic cell
detection as thymocytes are depleted after acute damage. We found that the intracellular pattern
recognition receptor NOD2, via induction of microRNA-29c, suppressed the induction of the
regenerative factors IL-23 and BMP4, from thymic dendritic cells (DCs) and endothelial cells
(ECs), respectively. During steady-state, when a high proportion of thymocytes are undergoing
apoptosis (as a consequence of selection events during T cell development), this suppressive
pathway is constitutively activated by the detection of exposed phosphatidylserine on apoptotic
thymocytes by cell surface TAM receptors on DCs and ECs, with subsequent downstream
activation of the Rho GTPase Rac1. However, after damage, when profound cell depletion occurs
across the thymus, the TAM-Rac1-NOD2-miR29c pathway is abrogated, therefore triggering the
increase in IL-23 and BMP4 levels. Importantly, this pathway could be modulated
pharmacologically by inhibiting Rac1 GTPase activation with the small molecule inhibitor
EHT1864, leading to increased thymic function and T cell recovery after acute damage. In
conclusion, our work not only represents a novel regenerative strategy for restoring immune
competence in patients whose thymic function has been compromised due to cytoreductive
conditioning, infection, or age; but also, identifies a mechanism by which tissue regenerative

responses are triggered.
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INTRODUCTION

Efficient functioning of the thymus is critical for establishing and maintaining effective adaptive
immunity’. Thymopoiesis is a highly complex process involving cross-talk between developing
thymocytes and the non-hematopoietic supporting stromal microenvironment, primarily highly
specialized thymic epithelial cells (TECs)?. However, the thymus is exceptionally sensitive to
negative stimuli that, together with its well-characterized capacity for repair, leads to continual
cycles of involution and regeneration in response to acute injury®®. However, this capacity for
regeneration declines with age as a function of thymic involution, which itself leads to a reduced
capacity to respond to new pathogens, as well as poor response to vaccines and immunotherapy®
°. Therefore, there is a pressing clinical need for the development of therapeutic strategies that
can enhance T cell reconstitution. One approach to therapeutic development is to exploit key
factors that promote endogenous thymic regeneration into novel pharmacologic strategies to
enhance T cell reconstitution in clinical settings of immune depletion such as HCT. However, the

molecular mechanisms governing endogenous thymic regeneration are not fully understood.

Our recent studies have revealed that endogenous thymic repair is dependent on the production
of two distinct regeneration factors, IL-23 and BMP4'%"2. Both IL-23, by initiating the downstream
production of IL-22 by innate lymphoid cells (ILCs)'*"®, and BMP4 target TECs to facilitate
regeneration'®"'?. These regeneration-associated factors have profound reparative effects in the
thymus after acute injury; and can be utilized individually as therapeutic strategies of immune
regeneration®. Although BMP4 and the IL-23-IL-22 axis represent two regenerative pathways that
facilitate TEC repair; the damage-sensing mechanisms that trigger the production of these factors

after damage from regeneration-initiating ECs and DCs are unknown.
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RESULTS

NOD2 negatively regulates thymus regeneration by suppressing the production of BMP4
and IL-23

To identify potential mechanisms by which these regeneration networks are governed, we firstly
performed transcriptome analysis on purified ECs (the main source of BMP4 after damage'?)
isolated from the mouse thymus at days 0 and 4 after a sublethal dose of total body irradiation
(SL-TBI, 550cGy); timepoints that capture baseline levels and at the time of initiation of the
regenerative response (day 4)'*'?. Pathway analysis through the DAVID tool revealed a surprising
number of pathways associated with immune function, which included most of the pathways with
an FDR<0.05 (Fig. 1a, S1a). Further analysis identified that within these pathways, several genes
shared a high frequency across all GO pathways (Fig. 1b). In particular, Nucleotide-binding
oligomerization domain-containing protein 2 (NODZ2) stood out not only as it is centrally involved
in innate immunity via its role in detection of danger signals, such as bacterial peptidoglycan'®"’,
but also because NOD?2 is one of the only molecular pathways found to suppress the production
of IL-23 by DCs'®. Therefore, we hypothesized that NOD2 activation was central to the inhibition
of IL-23 and BMP4, and after damage this activation is abrogated upstream by the depletion of
thymocytes. To explore the effects of NOD2 deficiency on thymic regeneration following insult,
WT or Nod2” animals were exposed to SL-TBI and levels of thymic IL-23 and BMP4 were
measured by ELISA. Nod2” thymi had increased absolute intracellular levels of IL-23 and BMP4
compared to WT controls (Fig. 1¢). Consistent with this, there was a commensurate increase in
thymic cellularity, from as early as 7 days, and even up to 18 weeks after SL-TBI (Fig. 1d),
suggesting that these increased levels of regenerative factors are supporting superior thymic
regeneration. Although there was no global change in thymocyte proportions (Fig. 1e), the
enhanced total cellularity was reflected by increases in all subsets of thymocytes (Fig. 1f).
Remarkably, given their role in the production of the regenerative factors, there was no change in

the number of ECs in the Nod2-deficient thymus; however, there was a greater regeneration of
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CD103+ DCs (Fig. 1g), which mediate IL-23 levels'*'®. Importantly, given the increased levels of
BMP4 and IL-23, which can directly or indirectly induce TEC proliferation and function'®'? there
was significantly augmented regeneration of both cortical TECs (cTEC) and medullary TECs
(mTECs) (Fig. 1h), both of which have distinct crucial roles in T cell development?. Notably, GSEA
analysis supported the role of NOD2 in the damage response, with a significant enrichment in the
signature of downstream NOD2 gene targets® at day 4 after damage (Fig. S1b). Although the
expression of Nod?2 in thymic tissue has been known for some time?', the only functional role for

NOD2 that has been described in the thymus has been in thymocyte selection?.

miR29c mediates the suppressive function of NOD2

NOD2 has been previously shown to induce expression of the microRNA miR29 by directly
regulating the transcription of //72p40, and indirectly regulating //23p19'®. MicroRNAs are small
non-coding RNAs that critically govern protein expression by binding to and degrading target
RNAZ%2° There are three members of the miR29 family, each with some overlapping physiological
functions; including a TEC-intrinsic role of miR29a in regulating the response to interferon
signaling and Aire-dependent gene expression®®?’. All three miR29 family members increase in
the aged thymus, suggesting a potential role in involution?. To understand if miR29 was involved
in the regenerative response in the thymus, we first assessed the expression levels of mature 3p
and 5p arms of miR29a, miR29b, and miR29c in the thymus from WT or Nod2” mice 3 days after
TBI and found lower expression of miR29c-5p in Nod2-deficient mice (Fig. 2a). To elucidate if
there was a cell-specific function of miR29 in the thymus we assessed miR29 expression in
purified populations of ECs, DCs and DP thymocytes, and did not find a significant change in the
expression of either miR29a-5p or miR29b-5p after damage (Fig. S2a). However, we observed
decreased expression of miR29c-5p in ECs and DCs after damage, with this damage-induced

reduction lacking in DP thymocytes (Fig. 2b), suggesting an endogenous regulation in miR29c-


https://doi.org/10.1101/2020.08.31.275834
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.31.275834; this version posted September 1, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

5p after damage in the regeneration-initiating DCs and ECs; both of which have higher miR29c-

5p expression at baseline compared to DP thymocytes (Fig. S2b).

To functionally assess the relationship between miR29c-5p and the production of regenerative
factors, we used a technique to constitutively activate the Akt pathway in freshly isolated thymic

ECs using the pro-survival adenoviral gene E4ORF1, which allows for their ex vivo propagation

and expansion while maintaining endothelial phenotype, adaptability, as well as vascular tube

10,29

formation capacity <, allowing for functional manipulation of the cells for in vitro modeling of

regenerative pathways. Consistent with the decrease of miR29c¢-5p in regeneration-initiating cells

after damage, and the previously identified role of miR29 in the attenuation of //23p19", we
hypothesized that miR29c-5p regulates the expression of Bmp4 in ECs. Overexpression of
miR29c¢-5p in thymic exECs resulted in a significant reduction in the expression of Bmp4 (Fig.
2¢), which was reversed upon inhibition of miR29c-5p (Fig. 2d). Freshly isolated DCs transfected
with a miR29c¢c-5p mimic demonstrated a similar reduction in expression of the /123 p19 subunit
(Fig- 2e), suggesting that miR29c-5p negatively regulates these regenerative factors in both ECs
and DCs. miRNAs regulate gene expression in several ways; either by binding to the 3' UTR of
their target transcript and inducing post-transcriptional modifications and translational repression,
ultimately resulting in transcript degradation; or by binding to the 5° UTR sequence of their target
transcript and exerting silencing effects on gene expression®. To understand if miR29c-5p
regulation of Bmp4 and 1/123p19 was due to direct binding, and to determine where this binding
occurred, we carried out a luciferase assay using 3’'UTR- and 5’UTR BMP4-luciferase constructs
that were co-transfected with a miR29¢-5p mimic. We observed a degradation of the 5’UTR of
Bmp4 in the presence of the miR29¢c-5p mimic, identifying a direct and specific regulation (Fig.
2f), with a suggested indirect effect of miR29¢c-5p on 1123p19 stability, consistent with previous

reports?’.


https://doi.org/10.1101/2020.08.31.275834
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.31.275834; this version posted September 1, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Detection of apoptotic thymocytes by TAM receptors suppresses the production of
regenerative factors

Although we have demonstrated that attenuation of NOD2-dependent miR29¢c-5p expression is
involved in executing the regenerative response after damage by regulating levels of critical
regenerative factors, the upstream initiator of this cascade is not defined. In our previous studies,
we found a link between the loss of thymic cellularity and the initiation of the IL-22 and BMP4
pathways'®'. In the case of IL-22/IL-23, this could be directly correlated with the depletion in the
number of CD4"CD8" double positive (DP) thymocytes, as mice with a genetic block before the
DP stage (Rag1”, ll7ra”, i7" and Tcrb™)*', or mice treated with dexamethasone which causes
a targeted reduction in DP thymocytes®?, expressed profoundly more IL-22 and IL-23 than WT
controls or mutant mice with blocks further downstream in T cell development (Tcra'/' and Cer7”
)2 In the case of the mutant mouse strains, this occurred even without acute thymic damage,
suggesting that merely the absence of DP thymocytes is enough to trigger these reparative
pathways. Although 80-90% of the thymus is comprised of DP thymocytes, approximately 99% of
these cells undergo apoptosis under homeostatic conditions due to selection events®=*. Taken
together with reports that apoptotic cells can regulate the production of cytokines, including
reducing the production of IL-23 by DCs*, we hypothesized that the presence of homeostatic
apoptotic thymocytes can limit the production of the regenerative factors IL-23 and BMP4. To test
this, we performed co-culture experiments of thymocytes with thymic ECs or DCs, where the
thymocytes had been induced to undergo apoptosis with dexamethasone® (referred to as
apoptotic cells, ACs), or where apoptosis was inhibited with the pan-caspase inhibitor z-VAD-
FMK. Consistent with the hypothesis that ACs are suppressive to the expression of Bmp4 and
levels of IL-23, when apoptosis was inhibited in thymocytes there was a significant increase in
the expression of both of Bmp4 in ECs and IL-23p19 in DCs (Fig. 3a, b). Indeed, Annexin V
binding was reduced in thymocytes incubated with z-VAD-FMK, indicating a reduction in apoptotic

thymocytes (Fig. $3). Annexin V is a surrogate marker of apoptotic cells and binds to exposed
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phosphatidylserine (PtdSer); inversion of which from the inner cell membrane is a key identifying
feature of apoptotic cells*”*®. Even though on a per cell basis there is an increase in Annexin V
binding on DP thymocytes after damage (Fig. 3c), given the severe depletion in DP thymocytes
after damage (Fig. 3d, e), there was an overall profound decrease in the total exposed PtdSer
(Fig. 3f, S4), resulting in a robust correlation between exposed PtdSer and DP cellularity (Fig.
39g). Apoptotic cell clearance is facilitated by the detection of PtdSer on the apoptotic cells by TAM
receptors, Tyro, Axl, and Mer, on nearby cells. TAM receptors are a family of transmembrane
tyrosine kinase receptors that recognize their extracellular ligands Gas6 or ProS 1 in the presence
of PtdSer, and have a critical role in the maintenance ofimmune homeostasis, including regulation
of thymic negative selection®***'. Both thymic ECs and DCs express Ax/, Mer and Tyro3 (Fig. 3h),
as has been extensively reported previously in other tissues*’, and upon inhibition of TAM
receptors with the pan-inhibitor RXDX-106*, we found increased expression of Bmp4 in ECs and
IL-23 in DCs in the presence of ACs, suggesting that TAM receptors mediate suppressive signals

from ACs (Fig. 3i, j).

TAM receptor signaling promotes Rac1 GTPase activation and limits Bmp4 and /123

PtdSer guides and strengthens ligand binding to TAM receptors and is critical for TAM receptor
activation and downstream signaling®®. One of the common downstream targets of TAM receptors
are Rho GTPases, which is notable given recent reports that, in addition to its capacity to sense
bacterial-derived peptidoglycans, NOD2 can also act as a cytosolic sensor of activated Rho
GTPases***. Rho GTPases have multiple cellular roles centered on modulation of the cellular
cytoskeletal architecture, and regulate processes such as cell adhesion, migration, polarization

and trafficking®. In the thymus, Rac1, RhoA and Cdc42 have all been implicated in aspects of f-

selection and positive selection*®*®, two stages of T cell development with high levels of

thymocyte apoptosis®. This strengthens the putative link between loss of PtdSer-exposed cells
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in the thymus (and the loss of downstream Rho GTPase activation) triggering the production of
regenerative factors after damage. To investigate this relationship, we first performed a functional

4549500 exECs or freshly

screen of inhibitors of Rho, Rac, and Cdc42 subclasses of Rho GTPases
isolated thymic DCs and assessed the expression of regenerative factors. Using this approach,
we identified that while inhibition of Cdc42 did not mediate any effect on the production of Bmp4
by ECs or 1/12p40 in DCs, inhibition of RhoA and Rac1 led to significantly increased expression
in these regenerative factors (Fig. 3k). Given the common profound effect of Rac1 inhibition
across ECs and DCs in these in vitro assays, we next sought to determine if detection of apoptotic
thymocytes could indeed lead to Rac1 GTPase activation. Consistent with our proposed
framework, we demonstrated that apoptotic thymocytes induced activation of Rac1 in thymic ECs,

an effect that was reversed when co-cultured with apoptosis-inhibited thymocytes or by inhibition

of TAM receptors with RXDX-106 (Fig 3I).

Rac1 GTPase inhibition enhances thymus regeneration and thymic output in vivo

Several strategies targeting Rho GTPases have been examined pre-clinically for multiple cancers.
These include small molecules targeting the spatial regulation of GTPase activators®', and Rho-
GEF interactions, such as Rhosin®), and our therapeutic candidate Rac1 GTPase inhibitor
EHT1864%, with the greatest clinical trial success thus far in targeting the downstream kinase of
RhoA, ROCK>**®, To determine if this pathway could be manipulated for therapeutic efficacy in
thymic regeneration, we treated mice with the Rac1 GTPase inhibitor EHT 1864 following SL-TBI
and identified a robust regeneration of thymic cellularity (Fig. 4a). EHT1864 had no effect on
thymus cellularity in Nod2” mice (Fig. 4a), supporting our hypothesis of a Rac1-NOD2
regeneration axis. Although thymocyte proportions were unaffected by treatment with EHT1864
(Fig. 4b), we found a similar increase in almost all thymocyte subsets (Fig. 4¢), which was not
observed in EHT1864 treated Nod2-deficient mice (Fig. $5). Moreover, a significant decrease in

miR29c-5p expression was determined (Fig. 4d), with an increase in the levels of BMP4 and IL-
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23 (Fig. 4e), accompanied by the enhanced TEC regeneration after EHT1864 treatment (Fig. 4f).
In the periphery, while there was no change in the number of CD4+ or CD8+ thymocytes or their
relative proportions (Fig. 4g, h), there was an increase in the output of naive T cells in mice

treated with EHT 1864, reflected by their proportion and the ratio of naive:memory cells (Fig. 4i,

)2

DISCUSSION

Despite its importance for generating a competent repertoire of T cells, the thymus is exquisitely
sensitive to acute injury such as that caused by infection, shock, or common cancer therapies
such as cytoreductive chemo- or radiation therapy; however, also has a remarkable capacity for
repair*'#*°. Even in the clinical setting where children who have had large parts of their thymus
removed exhibit significant thymic repair’. Thus, endogenous thymic regeneration is a critical
process to restore immune competence following thymic injury. Although there is likely continual
thymic involution and regeneration in response to stress and infection in otherwise healthy people,
acute and profound thymic damage such as that caused by common cancer cytoreductive
therapies, conditioning regimes as part of hematopoietic cell transplantation (HCT), or age-related
thymic involution, leads to prolonged T cell deficiency; precipitating high morbidity and mortality
from opportunistic infections and may even facilitate cancer relapse®®*"®. Of note, the general
phenomena of endogenous thymic regeneration has been known for longer even than its
immunological function®”®®, however, the underlying mechanisms controlling this process have

been largely unstudied®®®.

Our recent studies have revealed that thymic ILCs and ECs, through their production of the
regeneration-associated factors IL-22 and BMP4, respectively, have profound reparative effects

10-12

in the thymus after acute injury'®'?, and both pathways act by stimulating TECs?. Our findings

suggest this high homeostatic level of apoptosis; signaling through TAM receptors and the

10
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downstream activation of Rac1 GTPase, NOD2, and miR29c; suppresses the steady-state
production of the regenerative factors BMP4 ad IL-23 in in ECs and DCs, respectively. However,
after damage, the loss of thymocytes (and their exposed PtdSer) abrogates this tonic signaling,
alleviating this suppression and inducing production of BMP4 and IL-23. Given the passive
activation of this pathway, this acts as a “dead-man’s switch” that ensures faithful regulation and

activation of the regeneration program in settings of damage.

Notably, while expression of Nod2 in the thymus has been known for some time?’, it has thus far
only been functionally linked to positive selection and maturation of CD8+ T cells by facilitating
TCR-ERK signaling®. It has been previously reported that NOD2 controls the production of IL-23
by DCs via miR29, which directly regulated the transcription of //72p40 and indirectly through
1123p19'%. This is consistent with the finding that NOD2 can negatively influence the production of
IL-12, but not other cytokines such as IL-10 and TNF”". Although the three members of the miR29
family have overlapping physiological roles?”"*"®, we found that miR29c-5p facilitates NOD2-
mediated suppression of thymic regeneration directly by suppressing Bmp4 expression, and
indirectly regulating both p19 and p40 subunits of IL-23. In the thymus we can detect miR29a,
miR29b and miR29c in DP thymocytes, ECs and DCs, although expression of miR29c-5p is
significantly higher in ECs and DCs than DP thymocytes. This differential expression is particularly
interesting in light of our finding that after SL-TBI there is a significant loss of miR29¢c-5p in ECs
and DCs, but not DP thymocytes, and significantly less expression of miR29c-5p in Nod2”
compared to WT controls after damage. It is also notable that both NOD2-miR29 and apoptotic
cells have been identified to negatively regulate the production of IL-23 by DCs'®"®. Furthermore,
there is evidence that miR29 can modulate thymic involution in response to infection via regulation

of the interferon-a receptor®.

11
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The canonical ligands for NOD2 are peptidoglycans found in the cell wall of bacteria’®®’; however,
these are unlikely to serve as a NOD2 activator in the thymus since it is typically thought of as a
sterile organ®'. One recently described alternate function of NOD2 is as a cytosolic sensor of
activated Rho GTPases***%%  The Rho GTPase family is responsible for a wide range of

49,86,87

physiological processes , including the intrathymic regulation by Rac1, RhoA and Cdc42 of

B-selection and positive selection*’*®, Rho GTPases including RhoA, Rac1 and Cdc42 can be

88-90 91-93

activated by caspase-3 during apoptosis™ ™", and themselves further promote apoptosis™ ™,
including in thymocytes that do not successfully express a pre-TCR *. Taken together, these
findings suggest that that Rho GTPases could act as a mediator of NOD2 signaling during steady

state thymopoiesis.

Although endogenous thymic regeneration is required for renewal of immune competence
following everyday insults, regeneration can be a prolonged process representing an important
clinical problem in older patients. Age-related thymic deterioration leads to a decline in the output
of newly generated naive T cells from the thymus, subsequent constriction in the breadth of the
peripheral TCR repertoire, coupled with the compensatory expansion of existing naive and
memory T cells, and ultimately culminates in suppressed immunogenicity to new antigens %,
whether they be new infections, vaccinations, or cancer neoantigens. Therefore, effective
therapeutic targeting of these endogenous pathways is crucial. Several strategies targeting Rho
GTPases have been examined pre-clinically for multiple cancers. These include small molecules
targeting the spatial regulation of GTPase activators °!, and Rho-GEF interactions, such as
Rhosin *? and our therapeutic candidate EHT1864 *°. Although several Rho GTPases, including

47,48

Rac1, RhoA and Cdc42 play a role in thymopoiesis™ ", notably during stages of selection when
there is with high levels of apoptosis®; however, given the therapeutic window when thymocytes
are largely absent, and the redundancy in Rac1 and Rac2 in this process®, suggests that Rac1

inhibition represents a promising therapeutic strategy for boosting immune function.
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These findings not only uncover mechanisms governing endogenous thymic repair; they outline
a previously unappreciated master regulatory mechanism of regeneration that may be applicable
in other high turnover tissues such as gut, liver, kidney, and skin. Furthermore, by targeting this
pathway pharmacologically, we propose a novel therapeutic intervention that could be used to
boost immune function in patients whose thymus has been damaged due to age, cytoreductive

therapies, infection or other causes.

METHODS

Mice

Inbred male and female C57BL/6 mice were obtained from the Jackson Laboratories (Bar Harbor,
USA). Nod2” (B6.129S1-Nod2™"/J) mice were obtained from Jackson Laboratories and bred
in house. All experimental mice were used between 6-8 weeks old. To induce thymic damage,
mice were given sub-lethal total body irradiation (SL-TBI) at a dose of 550 cGy from a cesium
source mouse irradiator (Mark | series 30JL Shepherd irradiator) with no hematopoietic rescue.
For in vivo studies of EHT-1864 administration, mice were given SL-TBI (550cGy) and
subsequently received i.p. injections of 40 mg/kg EHT1864 (3872, Tocris, UK), or 1 x PBS as
control, on days 3, 5 and 7 following TBI. Mice were maintained at the Fred Hutchinson Cancer
Research Center (Seattle, WA), and acclimatized for at least 2 days before experimentation,

which was performed per Institutional Animal Care and Use Committee guidelines.

Cell Isolation
Single cell suspensions of freshly dissected thymuses were obtained and either mechanically

12,98
d

suspended or enzymatically digested as previously describe and counted using the Z2

Coulter Particle and Size Analyzer (Beckman Coulter, USA). For studies sorting rare populations
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of cells in the thymus, multiple identically-treated thymuses were pooled so that sufficient number
of cells could be isolated; however, in this instance separate pools of cells were established to

maintain individual samples as biological replicates.

Reagents

Cells were stained with the following antibodies for analysis CD3-FITC (35-0031, Tonbo
Bioscience), CD8-BV711 (100748, BioLegend), CD4-BV650 (100546, BiolLegend), CD45-
BUV395 (565967, BD Biosciences), CD90-BV785 (105331, BioLegend), CD11c-APC (20-0114,
Tonbo Biosciences), MHC-II-Pac Blue (107620, BioLegend), CD103-PercPCy5.5 (121416,
BioLegend), CD11b-A700 (557960, BD Pharmingen), EpCAM-PercPe710 (46-5791-82,
eBioscience), Ly51-PE (12-5891-83, eBioscience), CD31-PECy7 (25-0311-82, eBioscience),
CD140a-APC (135907, BioLegend), UEA1-FITC (FL-1061, Vector Laboratories), TCRbeta-
PECy7 (109222, BioLegend), CD62L-APC-Cy7 (104427, BioLegend), CD44-Alexa Fluor
RTM700 (56-0441-82, BioLegend), CD25-PercP-Cy5.5 (102030, BioLegend). Annexin V staining
(640906, BioLegend) was performed in Annexin V binding buffer (422201, BioLegend). Flow
cytometric analysis was performed on an LSRFortessa X50 (BD Biosciences) and cells were
sorted on an Aria Il (BD Biosciences) using FACSDiva (BD Biosciences) or FlowJo (Treestar

Software).

Generation of exECs

exECs were generated as previously described ?°. Briefly, CD45CD31" cells were FACS purified
and incubated with lentivirus containing either the E4AORF1 or myrAkt construct for 48 hours. Cell
culture medium containing 20 % FBS (SH30066.03, HyClone, GE Life Sciences), 10 mM HEPES
(15630-080, Invitrogen), 1 % Glutamax (35050061, Life Technologies), 1 % Non-Essential Amino

Acids (11140050, Life Technologies), 1% PenStrep (15240-062, Invitrogen), 50 ug/ml Heparin (
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H3149, Sigma), 50 ug/ml Endothelial Cell Supplement (02-102, Millipore-Sigma), 5 yM SB431542
(1614/10, R&D Systems), 20 ng/ml FGF (100-18B, Peprotech) and 10 ng/ml VEGF (450-32,

Peprotech) at 37 °C, 5 % O3, 5 % CO, in a HERAcell 150i incubator (Thermo Fisher, USA).

Co-culture experiments

Co-culture experiments were carried out using exECs or DCs and thymocytes harvested from
mechanically dissociated thymus from untreated mice, or in the case of DC analysis whole thymus
cultures were used. Harvested thymocytes were incubated with either 100 nM dexamethasone
(D2915, Sigma Aldrich, Germany), or 20 uM z-VAD-FMK (2163, Tocris, UK) for 4 hours at 37 °C
prior to co-culture, washed twice with PBS, and resuspended in exEC media for co-culture (1 x
10° cells / well). Cells were harvested 20 hours post co-culture and prepared for either qPCR
analysis or flow cytometry analysis. Thymic DCs were isolated from untreated mice using CD11c
UltraPure microbeads (130-108-338, Miltenyi Biotech, USA), on enzymatically digested
thymuses. DCs were cultured in DMEM (11965, Gibco), 10% FBS (SH30066.03, HyClone, GE
Life Sciences), and 1% PenStrep (15240-062, Invitrogen). For TAM receptor inhibitor studies,
exECs were treated with 25 yM RXDX-106 (CEP-40783, s8570, Selleck Chemicals) 30 minutes
prior to incubation with dexamethasone treated or z-VAD-FMK treated thymocytes, and Bmp4

expression was determined by gPCR analysis 20 h post co-culture.

ELISA

Thymuses were homogenized in RIPA buffer (25 mM Tris pH 7.6, 150 mM NaCl, 1% NP-40, 0.1%
SDS, 0.05% sodium deoxycholate, 0.5 mM EDTA) with protease inhibitors (Thermo, A32955),
using a Homogenizer 150 (Fisher Scientific) at a concentration of 10 mg/ml, where protein
concentration was further normalized using BCA assay. BMP4 (DY485-05, R&D Systems) and
IL-23 (433704, BioLegend) levels were assessed by ELISA, and absorbance was measured on

the Tecan Spark 10M (Tecan, Switzerland).
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Microarray

Microarray analysis was performed on an Affymetrix MOE 430 A 2.0 platform in triplicate for
untreated mice as well as day 4 after TBI. To obtain sufficient RNA for every timepoint, thymic
ECs of several mice were pooled. All samples underwent a quality control on a bioanalyzer to
exclude degradation of RNA. GSEA analysis was performed using the GSEA tool v4.1 of the
Broad Institute (http://software.broadinstitute.org/gsea). Comparisons were made to known
signaling pathways from the Gene Expression Omnibus (GEO) database (GSE226611). Pathway
analysis was performed by submitting genes changed >1.5 (p<0.05) to DAVID Bioinformatics
Resource v6.8%'%. Microarray data generated from ECs at day 4 after TBI will be deposited in
the GEO; but was generated concurrently to untreated day 0 EC data, which has already been

deposited to the GEO under number GSE106982".

qPCR

RNA was extracted from exECs or DCs using a RNeasy Mini kit (74104, Qiagen), and from sorted
cells using a RNeasy Plus Micro kit (74034, Qiagen). cDNA was synthesized using the iScript
gDNA Clear cDNA Synthesis kit (1725035, Bio-Rad, USA) and a Bio-Rad C1000 Touch
ThermoCycler (Bio-Rad). RNA expression was assessed in the Bio-Rad CFX96 Real Time
System (Bio-Rad), using iTaq Universal SYBR Green Supermix (1725122, Bio-Rad), and the
following primers: B-Actin (F 5-CACTGTCGAGTCGCGTCC-3’; R 5"
TCATCCATGGCGAACTGGTG-3); 1112p40 (F 5-AAGGAACAGTGGGTGTCCAG-3, R 5-
CATCTTCTTCAGGCGTGTCA-3); 1123p19 (F 5-GACTCAGCCAACTCCTCCAG-3; R 5*-
GGCACTAAGGGCTCAGTCAG-3'); Bmp4 (qMmuCED0046239, Bio-Rad). miRNA was extracted
from cells using an miRNeasy Mini kit (217004, Qiagen) or miRNeasy Micro kit (1071023,
Qiagen), and cDNA was synthesized using a Tagman Advanced miRNA cDNA Synthesis kit

(A28007, Thermo Fisher). miRNA expression was measured on a Bio-Rad CFX96 Real Time
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System (Bio-Rad), using Tagman Advanced Master Mix (4444557, Thermo Fisher) and the
following primers (Thermo Fisher): miR29a-3p (mmu478587_mir); miR29b-3p (mmu481300_mir);
mMiR29c-3p (mmu479229 mir), miR29a-5p (mmu481032_mir), miR29b-5p (mmu481675_mir),

mMiR29c¢c-5p (mmu481034_mir).

miRNA mimic and inhibition

miRNA overexpression or inhibition was carried out by transfection of 50 yM miRVANA miRNA
mimic (4464066, Thermo Fisher) or 100 yM miRCURY LNA-inhibitor (Y104105459, Exiqon) for
miR29c¢-5p or miR29c¢-3p. Transfections were carried out using Lipofectamine 2000 (11668030,
Thermo Fisher) in Opti-MEM™ reduced serum media (31985070, Gibco) for DCs, and using
Nucleofector electroporation kit (VPI-1001, Lonza) for exECs (Program M-003, Nucleofector 2b,

Lonza).

Luciferase assays

HEK-293 cells were co-transfected with 100 pM miR29c¢-5p miRVANA miRNA mimic (4464066,
ThermoFisher) using Lipofectamine and one of the following Luciferase vectors, using RNAifectin
(G073, Abm); Blank-Luc [pLenti-Ubc-UTR-Dual-Luc- Blank vector (C047, Abm)]; BMP4-3'UTR
[pLenti-Ubc-3'UTR-Dual-Luciferase (MT-m02780-Custom)]; BMP4-5UTR [pLenti-Ubc-Bmp4
(NM_001316360.1)-5°UTR-Dual Luciferase (C452, Abm)]; IL12B-3’'UTR [pLenti-Ubc-IL12B-
3’'UTR-Dual-Luciferase (MT-10012-Custom)]; IL12B-5’UTR [pLenti-Ubc-IL12B-5’UTR-Dual-
luciferase]; IL23A-3'UTR [pLenti-Ubc-Dual-Luciferase (MT-M10060-Custom)]; IL23A-5’'UTR
[pLenti-Ubc-IL23A-5’'UTR-Dual-Luciferase (C452, Abm). Luciferase activity was measured after
24 hours using the Dual-Glo® Luciferase Assay System (E2920, Promega) on a Veritas

microplate Luminometer (Turner BioSystems, USA).

Rho GTPase activation assays
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Activated Rac1 was measured using the absorbance-based G-LISA Rac1 Activation Assay
Biochem Kit (BK128, Cytoskeleton, USA). Briefly, exECs were co-cultured with thymocytes
harvested from untreated mice, as described above. 24 hours after co-culture the exECs were
harvested rapidly on ice, aliquoted and snap frozen using liquid nitrogen. Lysate volumes were
subsequently adjusted for equal protein levels following BCA assay (23227, Pierce BCA protein
assay kit, Thermo Fisher, USA), and GTP-bound Rac1 levels were assessed according to the
manufacturers protocol. Plates were read at 490 nm on a Spark 10M plate reader (Tecan,

Switzerland).

Statistics

Statistical analysis between two groups was performed with unpaired two-tailed t test. Statistical
comparison between 3 or more groups in Figs. 3f, 3h, 3k, and 4a was performed using a one-way
ANOVA with Dunnett’s or Tukey’s multiple comparison test. Studies described in Figs 2c-f; Fig.
3a, 3b, 3i, 3j, and 3l used paired analyses. All statistics were calculated using Graphpad Prism

and display graphs were generated in Graphpad Prism or R.
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Figure 1: NOD2 limits thymus regeneration by inhibiting the production of regenerative factors. a-b,
Thymuses were pooled from 6-week-old C57BL/6 mice and microarray analysis was performed on FACS purified
ECs isolated from either untreated mice (d0) or 4 days after TBI (550 cGy, (d0, n=3; d4, n=2; each n pooled from 5
mice). a, Gene ontology (GO) pathway analysis was performed on upregulated genes at day 4 after SL-TBI using
DAVID and the top ten pathways by FDR are displayed. Red bars represent pathways involved with immune
function; dashed line at p=0.05. b, Top ten genes by frequency of representation amongst all GO pathways with
an FDR <0.05. c-h, 6-8 week C57BL/6 WT or Nod2” mice were given a sublethal dose of TBI (550 cGy) and
thymus was harvested and analyzed at the indicated timepoints. ¢, Total thymic amounts of BMP4 and IL-23 were
assessed at day 7 after SL-TBI (n=7/group across two independent experiments). d, Total thymic cellularity at
days 7, 14, and 150 after SL-TBI (d7, n=11-15; d14, n=6-10; d150, n=3-5; all across two independent experiments
except for d150). e, Concatenated flow plots showing CD4 and CD8 expression at days 7 and 14 after SL-TBI. f,
Total number of CD4+CD8+ DP, CD4+CD3+ SP4, or CD3+CD8+ SP8 thymocytes (d7, n= 11-15; d14, n=6-10;
d150, n=3-5; all across two independent experiments except for d150). g, Number of
CD45+MHCII+CD11¢c+CD103+ DCs and CD45-EpCAM-CD31+PDGFRa- ECs at day 7 after SL-TBI
(n=11-15/group across two independent experiments). h, Number of CD45-EpCAM*MHCII"UEA1°Ly51" cTECs
and CD45EpCAM*MHCII*"UEA1"Ly51'° mTECs at day 7 after SL-TBI (n=11-15/group across two independent
experiments). Graphs represent mean + SEM, each dot represents a biologically independent observation.
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Figure 2: miR29c mediates the effects of NOD2 in limiting production of regenerative factors in ECs and
DCs. a, Thymuses were isolated from 6-8 week C57BL/6 WT or Nod2-/- mice at day 3 following SL-TBI and
expression of 3p and 5p arms of miR29a, miR29b, or miR29¢ was analyzed by qPCR (3p, n=4/group; 5p,
n=7/group across two independent experiments). b, DPs, ECs and DCs were FACS purified from WT thymuses at
day 0 or 3 after SL-TBI and expression of miR29¢c-5p was analyzed by qPCR (DCs, n=4; ECs/DPs, n=6-7/popula-
tion/timepoint across two independent experiments). ¢, exECs were generated as previously described11,31 and
transfected with a miR29¢ mimic. 20 hours after transfection, expression of Bmp4 was analyzed by qPCR (n=7
independent experiments). d, exECs were transfected with a miR29c¢ inhibitor and expression of Bmp4 was
analyzed by qPCR 20 hours after transfection (n=4 independent experiments). e, CD11c+ DCs were isolated by
magnetic enrichment from untreated C57BL/6 thymus and transfected with a miR29¢c mimic. 20 hours after
transfection, 1123p19 was analyzed by qPCR (n=5 across three independent experiments). f, HEK293 cells were
co-transfected with either BMP4-3'UTR, 1112p40-5'UTR, or 1123p19-3'UTR luciferase constructs and a miR29¢-5p
mimic. Binding activity was quantified by measuring luciferase activity after 20 hours (n=5-7 independent experi-
ments). Graphs represent mean + SEM, each dot represents a biologically independent observation.


https://doi.org/10.1101/2020.08.31.275834
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.31.275834; this version posted September 1, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 3
a Bmp4 b c
1. 'fom 80 T ‘ 10° 100
c P2 = p=0.03 ‘ 108 >
23 1.01 % < 60 46 ‘ 2107] z
=0 + : Q 1
32 Q 407 ﬂ » o 106; g
&R 09 = 20 A Pay2 © i S 10s; o
ol —. ol—1 [, |Day3 10l — 1o &
ACs + + ACs + + p | 01237
ZVAD - + ZVAD - + |/ |Day7 Days after TBI
Annexin V-
f h
2100 95 ODay 0 1097 2L o 102422 109103
2%108. N 9%“’8’ % |ODay1 g-é 10?1 _ p=0.008 10? 007 10?
2> g>1071 ODay 2 29 10" p=0.001 10Y 10%
2 . 2 § @®Day3 S 10 10° 10°
Q£ 1073 o FoR= s o Qo
2% E109 a9 re-0s201|@DAY 7 T 107 10 |§| 10 lfq
£ 4go €105 p<0.0001 10al L1 11 1404l 11 Il 1| q04nd
<00 1237 <00 107 10° 10° SEE  SFE S EE
Days after TBI Cells/thymus
Bmp4 J k I
C 0.08 $=0.0001 80 - cg CZO' -53 15 55003 -561.5 -
2.2 0.061 £601 0| 294l 2.515] 82 0] 5210 A4
58 0.041 & 404 % 5 gg g@m 35 35
[oN o 4 4
& 0.021 & 20 “‘u’j1 g 5. 53 *° 53"°
0l—— [ E— 0 04 o (e a2 0L—2
ACs + + ACs + + ,éo Q~l~ ACs + + ACs + +
RXDX - + RXDX - + Q~Q_O Q~ ZVAD - + RXDX - +
Rho GTPase |nh|b|tor Rho-GTPase inhibitor

Figure 3: TAM receptor detection of phosphatidylserine mediates thymocyte suppression of regenerative
factors. a-b, Thymocytes were isolated from untreated C57BL/6 mice and incubated for 4 hours with Dexametha-
sone (100 nM) or zVAD-FMK (20 uM). After 4 hours, apoptotic thymocytes (ACs) were washed and co-cultured
with exECs (a) or freshly isolated CD11c+ DCs (b) for 24 hours after which Bmp4 expression was analyzed by
gPCR (n=8 across 5 independent experiments) or IL-23 was analyzed by intracellular cytokine staining (n=5-6
across two independent experiments). c-g, 6-8 week old C57BL/6 mice were given sublethal TBI (550 cGy) and
thymus harvested at days 0, 1, 2, 3, and 7. ¢, Annexin V staining on CD4+CD8+ DP thymocytes (displayed are
concatenated plots from 3 individual mice, representative of three independent experiments). d, Staining for CD4
and CD8 on thymus cells (displayed are concatenated plots from 3 individual mice, representative of three inde-
pendent experiments). e, Total number of DP thymocytes (solid line; left axis) compared with proportion of Annexin
V+ DP thymocytes (red broken line; right axis) (n=8 across 3 independent experiments). f, Absolute binding of
Annexin V in the thymus (n=8 across 3 independent experiments). g, Correlation of absolute thymic binding of
Annexin V with total number of cells in the thymus (n=3/timepoint comprising one of three independent experi-
ments). h, DP thymocytes (CD45+CD4+CD8+), DCs (CD45+CD11c+MHCII+), or ECs (CD45-EpCAM-CD31+)
were FACS purified from untreated C57BL/6 mice and expression of Axl, Mer, and Tyro3 were analyzed by gPCR
(DP, n=7; DC, n=5; EC, n=7 across two independent experiments). i-j, Thymocytes were isolated from untreated
C57BL/6 mice and incubated for 4 hours with dexamethasone (100 nM). After 4 hours, apoptotic thymocytes
(ACs) were washed and co-cultured with exECs (i) or freshly isolated CD11c+ DCs (j) in the presence or absence
of the TAM receptor inhibitor RXDX-106 (25uM) for 20 hours after which Bmp4 expression was analyzed by gPCR
(n=6/treatment across 2 independent experiments) or IL-23 was analyzed by intracellular cytokine staining (n=4).
k, exECs or freshly isolated CD11c+ DCs were incubated for 20 hours in the presence of inhibitors (all at 50uM)
for RhoA (Rhosin), ROCK (TC-S 7001), Rac1 (EHT-1864), or Cdc42 (ZCL272) after which Bmp4 (ECs) or 1112p40
were analyzed by gPCR (exECs, n=5 independent experiments; DCs, n=6 across two independent experiments).
I, Thymocytes were isolated from untreated C57BL/6 mice and incubated for 4 hours with dexamethasone (100
nM) or ZVAD-FMK (20uM). After 4 hours, apoptotic thymocytes (ACs) were washed and co-cultured with exECs in
the presence or absence of RXDX-106 (25uM) for 20 hours after which Rac1-GTPase activation was measured
using a GTPase ELISA specific for Rac1 (n=5 across two independent experiments). Graphs represent mean +
SEM, each dot represents a biologically independent observation.
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Figure 4: Rac1 inhibition enhances thymus regeneration and peripheral CD4+ naive T cell recovery after
acute damage. 6-8 week C57BL/6 WT or Nod2-/- mice were treated with the Rac1 inhibitor EHT1864 (40 mg/kg
i.p. injection) at days 3, 5 and 7 following a sublethal dose of TBI (550 cGy). a, Total thymic cellularity at day 14
after SL-TBI (WT, n=20/treatment across 4 independent experiments; KO, n=9-12 across three independent
experiments). b, Flow plots showing CD4 and CD8 expression at day 14 after SL-TBI (gated on CD45* cells; plots
concatenated of all samples in each treatment group from one experiment). ¢, Total number of CD4*CD8* DP,
CD4*CD3* SP4, or CD3*CD8* SP8 thymocytes (WT, n=20/treatment across 4 independent experiments; KO,
n=9-12 across three independent experiments). d, Expression of miR29¢ analyzed by gPCR (n=5/group). e, Total
thymic amounts of BMP4 and IL-23 assessed by ELISA (BMP4, n=10/group across two independent experiments;
IL-23, n=5). f, Total number of CD45EpCAM*MHCII*'UEA1"°Ly51" cTECs and CD45EpCAM*MHCIIF'UEA1"Ly51'"
mTECs (n=15/group across three independent experiments). g, Flow plots showing CD4 and CD8 expression in
the spleen at day 56 after SL-TBI (gated on CD45+CD3+ cells). h, Total number of CD4+ and CD8+ T cells in the
spleen at d56 (n=5/group). i, Plots of CD62L and CD44 on CD4* and CD8* T cells (gated on either
CD45*CD3*CD4*CD8 or CD45*CD3*CD4-CD8*) cells; plots concatenated of all samples in a given experiment). j,
Ratio of number of naive (CD62L"CD44") CD4* or CD8* to CD4* or CD8* EM (CD62L"CD44") T cells
(n=5/group). Graphs represent mean + SEM.


https://doi.org/10.1101/2020.08.31.275834
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.31.275834; this version posted September 1, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure S1

a NOD2 Signature
(GSE226611)

response to stress%' Il ]
defense response
immune response
inflammatory response:
regulation of immune response
innate immune response:
positive regulation of immune system process
immune system process
positive regulation of response to stimulus
positive regulation of immune response-
activation of immune response:
regulation of response to stimulus:
regulation of immune system process
positive regulation of response to external stimulus
immune effector process
positive regulation of defense response:
adaptive immune response
response to external stimulus
response to stimulus:
regulation of response to stress:
regulation of defense response:
myeloid leukocyte migration
immune response-activating cell surface receptor signaling pathway:
positive regulation of biological process
immune response-activating signal transduction
immune response-regulating cell surface receptor signaling pathway:
regulation of myeloid leukocyte liated immunity-
immune response-regulating signaling pathway:
leukocyte chemotaxis
leukocyte migration
granulocyte migration:

T

1 5 10 15
-log,(FDR)

Enrichment ©
NOD?2 targets

Supplementary Figure 1

Thymuses were pooled from 6-week-old C57BL/6 mice and microarray analysis was performed on FACS purified
ECs isolated from either untreated mice (d0) or 4 days after TBI (550 cGy, n=3/timepoint with each n pooled from
5 mice). a, Gene ontology (GO) pathway analysis was performed on upregulated genes at day 4 after SL-TBI
using DAVID and all pathways with a FDR <0.05 are displayed. Red bars represent pathways involved with
immune function. b, GSEA analysis was performed comparing gene expression changes at day 4 after SL-
compared with a NOD2 gene signature (GSE226611). Heatmap showing gene expression changes at day 4 that
match with the NOD2 gene signature.
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Supplementary Figure 2

a, DPs, ECs and DCs were FACS purified from WT thymuses at day 0 or 3 after SL-TBI and expression of
miR29a-5p and miR29b-5p was analyzed by gPCR (DP, n=5-6; DC, n=4; EC, n=3). b, DPs, ECs and DCs were
FACS purified from WT thymuses at day 0 and expression of miR29c was analyzed by gPCR (DP, n=5; DC, n=4;
EC, n=6). Graphs represent mean + SEM, each dot represents a biologically independent observation.
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Supplementary Figure 3
Thymocytes were isolated from untreated C57BL/6 mice and incubated for 4 hours with dexamethasone (100 nM)

or zZVAD-FMK (20 uM). After 4 hours, apoptotic thymocytes (ACs) were washed and co-cultured with exECs for 24
hours. a, Annexin V staining on CD4+CD8+ DP thymocytes (displayed are concatenated plots from 9 individual
cultures, representative of three independent experiments). b, Absolute Annexin V binding in thymocytes used for
co-culture experiments, measured at the end of the 4 h incubation period with dexamethasone (100 nM) or

zVAD-FMK (20 uM), immediately prior to co-culture.
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Supplementary Figure 4

To calculate the absolute binding of Annexin V in the thymus, we first determined for each mouse at each time-
point the calculation of the area under the curve (AUC) for the graph representing Geometric mean for Annexin V
(gated only on singlets) across the time of the flow cytometry run. Absolute Annexin V binding in the thymus was
then calculated by adjusting the total Annexin V binding for the flow run as a function of the total thymus cellularity
for that individual mouse. Displayed are the AUC plots for each mouse from one of three experiments.
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Supplementary Figure 5

6-8 week Nod2-/- mice were treated with the Rac1 inhibitor EHT-1864 (40 mg/kg i.p. injection) at days 3, 5and 7
following a sublethal dose of TBI (550 cGy). Total number of CD4+CD8+ DP, CD4+CD3+ SP4, or CD3+CD8+ SP8

thymocytes (n=9-12 across three independent experiments). Graphs represent mean + SEM, each dot represents
a biologically independent observation.
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