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Abstract

Regulatory T cells are critical for the generation and maintenance of peripheral tolerance.
Conditional deletion of the transcriptional repressor NKAP in Tregs using Foxp3-YFP-cre NKAP
conditional knockout mice causes aggressive autoimmunity characterized by thymic atrophy,
lymphadenopathy, peripheral T cell activation, generation of autoantibodies, immune infiltration
into several organs, and crusty skin at 3 weeks of age, similar to that of “scurfy” Foxp3-mutant
mice. While Treg development in the thymus proceeds normally in the absence of NKAP, there is
a severe loss of thymically-derived Tregs in the periphery. NKAP-deficient Tregs have a recent
thymic emigrant phenotype, and are attacked by complement in a cell-intrinsic manner in the
periphery. Previously, we demonstrated that NKAP is required for conventional T cell maturation
as it prevents complement-mediated attack in the periphery. We now show that Tregs undergo a
similar maturation process as conventional T cells, requiring NKAP to acquire complement
resistance after thymic egress.
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1. Introduction

During T cell development, random gene rearrangement and the addition of non-template
nucleotides to produce the TCR leads to a diverse repertoire of T cells that includes auto-
reactive clones?. Not all auto-reactive thymocytes undergo thymic clonal deletion and,
hence, mechanisms of peripheral tolerance are needed to prevent autoimmunity. In the
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thymus, some CD4 T cells bearing high affinity TCRs for their self peptide-MHC class 11
complexes are diverted into the regulatory T (Treg) cell lineage in the presence of
appropriate external cues?~’. These regulatory cells predominantly suppress autoreactive T
cells that escape clonal deletion, preventing autoimmunity and preserving tissue
homeostasis8~19,

Foxp3 is the master regulator of Treg development and suppressive phenotype!l:12, Loss-of-
function Foxp3 mutations in either the forkhead or DNA binding domains result in a rapid
and lethal autoimmune disorder, initially described as the “scurfy” phenotype in micel1:12,
Scurfy mice lack CD4* Foxp3* Tregs, and develop severe dermatitis, splenomegaly,
lymphadenopathy, and extensive immune infiltration into vital organs leading to runting and
death by the age of three weeks!3, Preventing Treg development by T-cell specific deletion
of Foxp3 or Treg ablation with diphtheria toxin culminates in autoimmunity of a similar
severityl#15 Transferring CD4* CD25" regulatory cells to 1-2 day old scurfy neonates
prevents the onset of autoimmunity2. In humans, mutations in Foxp3 lead to
Immunodysregulation Polyendocrinopathy Enteropathy X-linked syndrome (IPEX), a rare
and severe multiorgan autoimmune disorder that results in death at infancy6:17, Together,
these studies have demonstrated the role of Foxp3 in Treg development, and the importance
of Treg persistence in neonates and adults in ensuring peripheral tolerance.

Long-term persistence of T cells in peripheral lymphoid organs is dependent on the process
of T cell maturation. T cell maturation begins in the thymus, and consists of processes
distinct from positive selection. Maturation endows T cells with the ability to egress into
secondary lymphoid organs, to proliferate, and to produce cytokines upon encountering
antigens in the periphery®-22, As part of T cell maturation, thymocytes gradually become
resistant to complement proteins in serum in order to persist in circulation and to become a
part of the long-lived T cell pool?3: 2425, 26 Although the mechanisms orchestrating
complement resistance are not well characterized, NKAP, Runx-1, and HDAC3 are known to
be important for this process?4-26. NKAP is a highly conserved X chromosome encoded
transcriptional regulator essential for conventional T cell development and maturation23: 27,
NKAP-deficient recent thymic emigrants (RTESs) fail to mature, exhibit defects in
proliferation and /n vitro cytokine (IL-2 and TNF-a) production upon TCR stimulation
compared to WT RTEs, and are rapidly eliminated by complement proteins in
circulation2327, While it is well appreciated that conventional T cells undergo maturation,
whether Tregs undergo maturation in the periphery as well remains unanswered. In this
study, NKAP was deleted in the Treg lineage using Foxp3-YFP-cre NKAP conditional
knockout (cKO). We found that NKAP is critical for Treg maintenance in peripheral
lymphoid organs. Conditional deletion of NKAP in Tregs caused peripheral Treg loss,
recapitulating the scurfy phenotype. NKAP-deficient splenic Tregs are NRP1° CD62L*
CD44~ Qa2'°, indicating that they are Treg RTEs that cannot persist in the periphery, and
also show greater abundance of signal joint TCR excision circle (TREC) formed during TCR
rearrangement. NKAP-deficient Tregs were targeted by complement proteins in a cell
intrinsic manner, suggesting the involvement of complement mediated clearance of Tregs.
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2. Materials and Methods

2.1. Mice

Foxp3-YFP-cre mice and NKAP fl mice have been previously described?”-28, Mice were
housed in a barrier facility and all experiments were performed adhering to guidelines and
approval of the Mayo Clinic IACUC committee. Male animals were analyzed between 4-7
days of age or around 3 weeks. Female mice were analyzed between 6-10 weeks of age.
Foxp3-YFP-cre WT chimeric females have a Foxp3-YFP-cre allele on one X chromosome
and are WT on the other X chromosome. Foxp3-YFP-cre NKAP cKO chimeric females have
Foxp3-YFP-cre and NKAP fl alleles on one X chromosome and NKAP fl only on the other
X chromosome. Scurfy (sf) mice were generated by crossing Foxp3sf female heterozygotes
(Jax stock #000664) with male C57BL/6J mice?°.

2.2. Flow Cytometry

Single-cell suspensions were prepared from thymus, spleen or pooled lymph nodes. Cell
surface markers, CD4, CD8, CD44, CD62L, GITR, NRP-1 and CD25 were detected using
fluorescent conjugated antibodies from BioLegend, Tonbo and eBioscience diluted in
(FACS) buffer. Intracellular staining for Foxp3 was done after fixing and permeabilizing
cells (Tonbo Foxp3 staining kit), using antibodies from eBioscience and Tonbo.
Complement deposition was detected using biotinylated antibodies for complement C1q,
complement C3 and complement C4 from Cedarlane and PE or APC conjugated streptavidin
from Biolegend and eBioscience. For complement experiments, freshly harvested
splenocytes were incubated in GVB™* buffer (Complement Technology) for one hour at
room temperature and cells were washed with FACs buffer and stained with appropriate
antibodies. All experiments included fixable viability dye (Tonbo) for analysis of live cells.
Stained cells were analyzed using an Attune NxT flow cytometer (Thermofisher). Data was
analyzed using FlowJo (Tree Star) 9.8 or 10. In all experiments, doublets and dead cells
were excluded using permeable to fixable viability dye.

2.3. Detection of autoantibodies

Antibodies to double stranded DNA were detected using a kit from BioRad (Autoimmune
EIA Anti-dsDNA Test). Serum was diluted 100-fold in phosphate buffered saline with 1%
bovine serum albumin (PBS/BSA). The assay was completed according to the
manufacturer’s instructions except for the substitution of horseradish peroxidase coupled
goat anti-mouse IgG for the detection antibody (Southern Biotechnology Associates, diluted
2000 fold in PBS/BSA). Absorbance at 450 nM was measured using a Molecular Devices
Spectromax microplate reader. Background signal from samples lacking sera was subtracted
from the absorbance measured for each sera sample.

Anti-nuclear antibodies were detected by applying the same diluted sera to slides from a kit
from BioRad (Kallestad HEp-2 Cell Line Substrate). The assay was completed according to
the manufacturer’s instructions except for the substitution of AF488 coupled goat anti-
mouse IgG for the detection antibody (InVitrogen, diluted to 4 ug/ml in PBS/BSA). Each
well was examined at room temperature without immersion medium using a Leica
DMI3000B fluorescence microscope with a 20x lens (Plan Fluotar type, numerical aperture
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of 0.4) and a FITC/EGFP filter cube. Images were acquired using a Q-Imaging Q1-Click
camera and Q Capture Pro 6 software and saved as TIFF files. Adobe Illustrator was used to
prepare the representative field shown.

2.4. Histology

Lungs, liver and kidneys were isolated from WT or Foxp3-YFP-cre NKAP cKO mice and
kept in 10% formalin for fixation. Fixed samples were processed by paraffin embedding,
sectioning and H&E stained as per standard procedures. Sections were viewed on a Leica
DMI3000B microscope, at 40X magnification and captured using the Leica EC3 camera.

2.5. TCR excision circle assay

CDA4 T cells were enriched from total splenocytes by negative selection. Splenocytes were
isolated from Foxp3-YFP-cre WT chimeric female and Foxp3-YFP-cre NKAP cKO female
mice. Fc receptors were blocked using TruStain fcX anti-CD16/32 Fc blocking antibody
from BioLegend. Splenocytes were then labeled with biotinylated antibodies from Tonbo or
BioLegend against CD8a,, CD19, B220, CD11b, CD11c, Grl, NK1.1, and -y6 TCR and
subsequently incubated with EasySep Streptavidin Mouse RapidSpheres (STEMCELL
technologies). EasySep magnet was used to negatively select CD4™" splenocytes to a purity
of greater than 90 percent. Cells were then labeled with anti-CD4, anti- CD25 and fixable
viability dye, and CD4* CD25" YFP™* Tregs were sorted using a BD FACSAria. Genomic
DNA was purified from sorted cells using a QlAamp DNA Blood Mini Kit (Qiagen).
Quantitative PCR was then performed using a Step One Plus instrument and SYBR Green
master mix (Applied Biosystems). TRECs were detected using PCR conditions and primers
flanking the recombination site as reported3C. Primers that detect the mouse p16 promoter
(5'ACACTCCTTGCCTACCTGAAZ and 5’'CGAACTCGAGGAGAGCCATC3') were used
to control for total DNA concentration. Difference in TREC content between samples was
then determined using the AACt method. This analysis was performed on cells sorted, on
four separate occasions, from a pair of mice (one Foxp3-YFP-cre WT chimeric female and
one Foxp3-YFP-cre NKAP cKO chimeric female). Increased TREC content in the cKO was
apparent within each pair. Thus, for the final analysis, DNA from one of the WT mice was
chosen as a normalizer and a paired Student’s T test was used to determine significance.

2.6. Statistical Analysis

All statistical analysis involved enumeration of absolute cell counts or MFI, calculation of
standard error of the mean, and statistical significance determined using a two-tailed
unpaired or paired Student T test using Microsoft Excel or GraphPad Prism as stated in the
figure legends.

3. Results and Discussion

3.1. Foxp3-YFP-cre NKAP cKO mice develop lethal autoimmunity similar to ‘scurfy’

phenotype

To examine the role of NKAP in Treg-mediated immune system homeostasis, we
conditionally deleted NKAP in Tregs by crossing Foxp3-YFP-cre mice to NKAP floxed
mice. As both Foxp3-YFP-cre and floxed NKAP are located on the X chromosome, the
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generation of Foxp3-YFP-cre NKAP conditional knock out (cKO) mice required a crossover
event to place both Foxp3-YFP-cre and floxed NKAP on the same X chromosome due to
random X inactivation in females and hemizygosity in males. The breeding scheme to
produce Foxp3-YFP-cre NKAP cKO mice is shown in Fig S1. Foxp3-YFP-cre NKAP cKO
male mice spontaneously developed early onset, systemic autoimmunity similar to scurfy
mice (Fig 1). They failed to thrive, developed severe dermatitis as evidenced by thickening
and crusting of skin on ears, tail and paws, and became moribund by three weeks of age,
similar to scurfy mice (Fig 1A). Both Foxp3-YFP-cre NKAP cKO male mice and scurfy
mice developed splenomegaly and lymphadenopathy, indicating lymphoproliferation (Fig
1B). We observed no significant change in splenocyte number despite an increase in the size
of spleens in Foxp3-YFP-cre NKAP cKO male mice. However, there was a significant
increase in lymph node cellularity, comparable to increased lymph node cellularity in scurfy
mice. Thymic atrophy was observed in Foxp3-YFP-cre NKAP cKO male mice and scurfy
mice by three weeks of age (Fig 1B). The thymus is known to be acutely susceptible to
atrophy under non-infectious or infectious inflammatory conditions via two possible
mechanisms of stress-induced thymic involution, i.e., increased apoptosis of double positive
(DP) thymocytes and programmed loss of function of medullary thymic epithelial cells
(MTECs)3L. It has been shown that the loss of Foxp3™ Tregs in scurfy mice results in a loss
of DP thymocytes cells which make up the majority of thymocytes, mediating rapid thymic
involution by three weeks of age as a byproduct of unchecked and escalating
inflammation32. While the exact mechanism of DP thymocyte disappearance is unclear, this
is a cell-extrinsic outcome of systemic inflammation. Thymic atrophy observed in Foxp3-
YFP-cre NKAP cKO male mice is likely secondary to systemic inflammation as well,
phenocopying the scurfy mice. In addition, Foxp3-YFP-cre NKAP cKO male mice showed
lymphocytic infiltration into multiple vital organs, particularly the liver and the lungs (Fig
1C). This is consistent with previous records of scurfy mice exhibiting striking lymphocytic
infiltration into lungs and liver33. Previous studies have reported that the production of
autoantibodies mediates autoimmunity and morbidity of scurfy mice, and the loss of B cells
in scurfy mice prolongs their health and survival34-36. Both anti-double stranded DNA and
anti-nuclear autoantibodies were detectable in sera of Foxp3-YFP-cre NKAP cKO male
mice, indicating B cell activation and peripheral tolerance breakdown (Fig 1C-E). Thus, the
loss of NKAP in Tregs leads to severe, systemic inflammation similar to the scurfy
phenotype in Foxp3 mutant mice.

3.2. Treg-specific loss of NKAP results in increased activation of peripheral T cells

Activated CD4 T cells are thought to be the main driver of pathogenesis in scurfy mice,
contributing to the expansion and activation of CD8 T cells, B cells, and myeloid cells37:38,
Enlargement of lymph nodes and increased numbers of lymph node cells can be observed in
scurfy mice as early as 5 days of age38. Scurfy mice exhibit increased size of lymphocytes in
spleen as a result of increased blasting, increased conventional T cell number, and
conventional T cells acquire a CD44" CD62L° activated/memory phenotypel2:38,
Splenocytes in Foxp3-YFP-cre NKAP ¢cKO male mice also increased in size as determined
by increased forward and side scatter (Fig 2A). By the age of three weeks, there was a
significant increase in the frequencies and absolute cell counts of splenic CD4 and CD8 T
cells, similar to scurfy mice (Fig 2B). Furthermore, CD4 and CD8 T cells in Foxp3-YFP-cre
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NKAP cKO male mice and scurfy mice acquired a CD44" CD62L° activated/memory
phenotype compared to Foxp3-YFP-cre WT males (Fig 2C) and WT littermates (data not
shown), suggesting dysregulated T cell activation. These observations suggest that
expression of NKAP in Tregs is crucial for immune homeostasis and peripheral tolerance.

3.3. NKAP deficient thymically derived Tregs fail to persist in the periphery although
thymic development of NKAP deficient Tregs is normal

The thymus is the main source of Tregs (thymic Tregs or tTregs) but Tregs can also arise
from conventional T cells in the periphery (induced Tregs or iTregs) when naive
conventional T cells are stimulated by self and foreign antigens in the presence of TGF-B,
IL-10, retinoic acid, and IL-27:39, Foxp3 is absolutely required for the development of tTregs
and iTregs, as the deletion of Foxp3 in T cells leads to a block in Treg development?2,
Thymic Treg development has been proposed to occur in a two-step manner, whereby strong
TCR interactions with cognate pMHC drive increased expression of the high affinity 1L-2
receptor (CD25), which then induces Foxp3 expression’. Recent studies indicate that Tregs
arise from alternate Foxp3*™ CD25™ progenitors as wellS. In the absence of NKAP, Treg
development proceeded normally in the thymus (Fig 3A). However, there was a significant
reduction in absolute cell counts of CD4* CD8~ Foxp3* cells in Foxp3-YFP-cre NKAP cKO
males in the thymus (Fig 3A). Reduced Treg cellularity could be a result of decrease in total
thymocytes as a result of thymic atrophy, a byproduct of systemic inflammation. Thus, we
examined 4-7 day old pups, prior to onset of visible characteristics of inflammation or
autoimmunity, when thymi of WT littermates and male cKO mice were comparable in size
and cellularity (Fig 3B). 4—7 day old cKO and WT littermates showed similar absolute cell
count of CD4* CD8~ Foxp3™ Tregs in the thymus (Fig 3B), demonstrating that NKAP is not
required for thymic Treg development. In contrast, Tregs in the spleen are severely
decreased by 3 weeks of age, indicating that NKAP deficient Tregs are unable to persist in
the periphery (Fig 3C). Similarly, very few CD4* Foxp3* Tregs were present in the lymph
nodes (Fig 3B). Thus, our data indicates that NKAP is not required for thymic Treg
development, but is a key determinant of Treg persistence in the periphery.

3.4. Inability of NKAP-deficient Tregs to persist in the periphery is a cellintrinsic defect and
residual NKAP deficient Tregs are recent thymic emigrants

Next, we assessed whether the disappearance of NKAP deficient Tregs was a cell intrinsic
effect or an outcome, of rampant inflammation. To bypass any influence due to
inflammation, we compared Foxp3-YFP-cre NKAP cKO chimeric females to Foxp3-YFP-
cre WT chimeric females. Foxp3-YFP-cre WT chimeric females have Foxp3-YFP-cre allele
on one X chromosome and are WT on the other X chromosome. Foxp3-YFP-cre NKAP
cKO chimeric females have Foxp3-YFP-cre and NKAP fl allele on one X chromosome and
NKAP fl only on the other X chromosome. Therefore, in Foxp3-YFP-cre NKAP cKO
chimeric females, due to random X-chromosome inactivation, half of the Tregs were YFP*
NKAP deficient and half were YFP~™ NKAP sufficient, allowing us to compare both WT and
NKAP deficient Tregs from the same mice. Foxp3-YFP-cre NKAP cKO female mice did not
show any overt signs of inflammation or stress, thrived, reproduced and survived into
adulthood, thus permitting us to examine cell intrinsic effects of NKAP’s deletion on Tregs
in the absence of an inflammatory environment. Expression of YFP was analyzed in CD4*
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CD25N" GITRN Tregs. Both Foxp3-YFP-cre WT and Foxp3-YFP-cre NKAP cKO chimeric
female mice developed similar frequencies of YFP* Tregs in the thymus, indicating that the
generation of Tregs in the thymus does not require NKAP (Fig 4A). However, while Foxp3-
YFP-cre WT chimeric female mice harbored approximately similar frequencies of YFP* and
YFP~ Tregs in the periphery, Foxp3-YFP-cre NKAP cKO chimeric mice showed a dramatic
skewing towards the YFP~ NKAP sufficient population over a YFP™ NKAP deficient Treg
population. This demonstrates that the disappearance of Tregs in the periphery is a cell-
intrinsic defect (Fig 3B). NKAP-deficient Tregs in Foxp3-YFP-cre NKAP cKO chimeric
females also expressed lower levels of Nrp-1. Nrp-1!°© NKAP-deficient Tregs may represent
either peripherally derived iTregs or thymically derived RTE Tregs*0. To examine these
possibilities, we examined CD44 and CD62L expression in splenic Tregs. Using Rag2GFP
mice, it has been shown that CD44!° CD62LM Tregs are recent thymic emigrants (RTEs) and
are precursors to CD44M CD62L° Tregs#!. NKAP deficient splenic Tregs and lymph node
Tregs have a CD441° CD62L phenotype, consistent with RTEs. It has also been shown that
Qa2 is a phenotypic marker of maturation of Tregs#2. We found that NKAP deficient Tregs
expressed lower levels of Qa2 (Fig 4C), suggesting that NKAP deficient Tregs are
eliminated at the RTE stage?4. We also measured the relative abundance of TCR excision
circles (TREC) as readout for recent thymic emigrant (RTE) status and find a statistically
significant increase in relative abundance of TRECs in NKAP deficient Tregs in Foxp3-
YFP-cre NKAP cKO chimeric females compared to Foxp3-YFP-cre WT females, consistent
with NKAP-deficient splenic Tregs being RTES. Therefore, our analysis indicates that
NKAP deficient Tregs in Foxp3- YFP-cre NKAP cKO chimeric females are RTEs.

3.5. NKAP-deficient Tregs are targeted by complement proteins

Thymocytes undergo post-positive selection maturation when they gain protection from
complement proteins in the circulation. NKAP deficient conventional T cells fail to undergo
appropriate maturation and are rapidly eliminated by complement. Therefore, thymically
derived NKAP deficient Tregs may not persist due to a failure of protection from
complement24. As previous studies revealed heightened complement activation in the
periphery of scurfy mice, we examined whether NKAP deficient Tregs were targeted by
complement in healthy Foxp3-YFP-cre NKAP cKO female chimeric mice34. Increased
deposition of C1qg, C3 and C4 was observed on NKAP deficient YFP* Tregs but not YFP~
NKAP sufficient Tregs from the same mouse. This is consistent with our observation in
CD4-cre NKAP cKO mice?4. No appreciable C1qg, C3 and C4 deposition was observed in
the YFP+ or YFP—- Treg populations in Foxp3-YFP-cre female chimeric control mice,
demonstrating that the deposition of complement was due to the lack of NKAP. Our results
indicate that NKAP deficient Tregs fail to gain resistance to complement, and are eliminated
by complement in the periphery.

4. Discussion

Whether Tregs emerge from the thymus fully mature and able to mediate peripheral
tolerance and immune homeostasis remains an unanswered question in the field. Current
evidence suggests that conventional T cell maturation programs are distinct from positive
selection, initiate in the thymus, and reach completion in the periphery?L. These programs
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enable thymocyte egress, proliferation and cytokine production upon TCR stimulation, and
survival in the long-lived T cell pool. NKAP is required for the acquisition of functional
competency by conventional T cells, as well as resistance to serum complement proteins as
demonstrated by the CD4-cre NKAP cKO mouse model where the deletion of NKAP occurs
at the DP stage. Loss of NKAP at the DP stage occurs prior to positive selection, lineage
commitment, and negative selection but selectively imposes a failure of late T cell
maturation as defined by the inability of conventional T cells to produce cytokines and the
inability of both conventional and regulatory T cells to persist in the long-lived T cell pool
although their development is unaltered. CD4-cre NKAP cKO mice do not succumb to the
scurfy phenotype despite peripheral loss of Tregs, revealing the fundamental importance of
functional maturation of conventional T cells in driving the scurfy phenotype. These
observations also raise the question of the requirement for NKAP at a specific time during T
cell development in preparation for maturation, i.e., whether NKAP is required at the DP
stage for maturation initiation or whether a later deletion of NKAP can lead to a similar
outcome.

In this study, we used Foxp3-YFP-cre NKAP cKO mice in which the deletion of NKAP
occurs following the expression of Foxp3 upon agonist selection; hence, this is a later
deletion of NKAP, occurring well after positive selection and commitment to the CD4
lineage, and specifically in Tregs. The observation that NKAP-deficient Tregs undergo
complement opsonization similar to immature NKAP-deficient conventional T cells suggests
that Tregs also undergo a program of maturation and must acquire the ability to protect
themselves from complement prior to thymic egress. This similar outcome although deletion
of NKAP happens at a later stage demonstrates that continued expression of NKAP is
required, perhaps up until egress of the cells into the periphery or continued expression after
egress, to ensure protection of cells from complement proteins. Our findings raise two
interesting questions. Firstly, is maturation is a state that must be actively maintained rather
than a singular irreversible step in the lifetime of a T cell and hence, a critical determinant of
T cell mediated homeostasis and autoimmunity? Secondly, is NKAP is specifically required
at the time point prior to egress and once, T cell have achieved maturation, it is dispensable
thereafter? Our data does not allow for discrimination between these two possibilities. Other
systems such as the distal-Lck cre whereby the deletion of NKAP would happen in the
periphery can be used in the future to gain insight into the temporal requirements of NKAP
in maturation.

It is currently unclear what is the initiating event that drives the deposition of complement
on peripheral NKAP-deficient Tregs. Importantly, it is well appreciated that thymocytes are
susceptible to binding by complement proteins and the amount of complement binding is
inversely proportional to development, i.e, as T cell mature, complement deposition
decreases?4=26, NKAP deficient Tregs are CD62LN CD44!° and Qa2'°, demonstrating that
they are RTESs. An increased relative abundance of TCR excision circles (TRECs), an
indicator of RTE status, further supports that NKAP deficient Tregs are eliminated at the
RTE stage. CD4-cre NKAP cKO RTEs have altered sialylation as demonstrated by
decreased expression of ligands for Siglec-E, which may stimulate binding of natural IgM to
initiate the classical complement pathway, as well as decreased expression of the
complement regulatory protein DAF (also known as CD55)%4. However, there is minimal
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difference in Siglec-E binding to, or DAF/CD55 expression on splenic NKAP-deficient
Tregs (Figure S2), indicating that other molecular mechanisms may be driving selective
opsonization of NKAP deficient Tregs by complement. Because the loss of NKAP does not
lead to perturbations of well-characterized cell survival pathways as knocking out the pro-
apoptotic protein Bax or transgenic overexpression of the pro-survival protein Bcl2 in CD4-
cre NKAP cKO T cells did not rescue the defect of cell survival, we probed the alternative
mechanism of complement-mediated elimination. Interestingly, a recent publication notes
that human recent thymic emigrants express higher levels of complement receptors 1 and 2
although the relevance of these proteins is not clear*3.

Previous studies have suggested that the time taken for conventional RTEs to fully mature
and gain functional competency in the periphery is 2-3 weeks!8. The loss of Tregs results in
rapid autoimmunity that is initiated between the second and third week after birth in male
mice and Tregs emerge at around day 3 postpartum®4. This suggests that the maturation time
of Tregs in murine neonates must be temporally shorter than that of conventional T cells
Intriguingly, the requirement of Tregs early on in life in order to keep conventional T cells in
check, as evidenced by tolerance breakdown in scurfy mice and Foxp3-YFP-cre NKAP cKO
male mice, also suggests that conventional T cells in neonates, which are predominantly
RTEs, may undergo maturation at a rate different than in young adults. Interestingly, serum
complement levels are decreased 10-80% in both neonatal mice and humans®®. It has been
suggested that maturation is highly context dependent, shaped by cell intrinsic factors and
extrinsic cues, and thus, may occur differently in a lymphopenic environment and at
different stages in lifel8. Our work raises the question of whether conventional RTE
maturation kinetics in secondary lymphoid organs is altered in the absence of peripheral
Tregs. Although beyond the scope of this study, the differences in neonatal and adult RTEs,
both conventional and regulatory, merit future investigation.

5. Conclusions

Loss of NKAP specifically in Tregs resulted in systemic autoimmunity similar to the
‘scurfy’ phenotype seen in Foxp3 mutant mice, although development of thymic Tregs
(tTregs) occurred unimpeded. In female chimeras, which generated NKAP sufficient and
NKAP deficient Tregs in approximately equal proportions, NKAP deficient recent thymic
emigrant (RTEs) Tregs were specifically targeted by complement proteins leading to their
disappearance. Thus, NKAP is required for long-term persistence of Tregs in the periphery
and prevention of autoimmunity.
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Highlights

The transcriptional regulator NKAP is required for Treg survival in the
periphery.

NKAP deletion in Tregs leads to lethal autoimmunity.

NKAP deficient mice resemble of the ‘scurfy’ phenotype of Foxp3 mutant
mice.

NKAP-deficient Tregs are targeted for elimination by complement.
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Figure 1. Treg-specific deletion of NKAP recapitulates the “scurfy” phenotype by the age of
three weeks

(A) Foxp3-YFP-cre NKAP cKO male mice juxtaposed with wildtype (WT) and Foxp3
mutant scurfy mice as well as spleens, lymph nodes (LN) and thymi. (B) Examination of
absolute cell counts of splenocytes, lymph node cells and thymocytes. Bar graphs are
averaged absolute cell counts per organ from at least 5 independent experiments with at least
5 mice per group, and error bars are standard error of mean (SEM). (C) Hematoxylin and
Eosin staining from sections from Foxp3-YFP-cre NKAP cKO male mice and WT littermate
lungs, liver and kidneys at three weeks of age. Data is representative of three organs per
genotype. (D) Presence of antinuclear antibodies (ANA) in WT or cKO serum was
determined by incubating serum with irradiated HepG2 cells, followed by detection using
fluorescent anti-mouse secondary antibody. Data is representative of 15 WT and 17 Foxp3-
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YFP-cre NKAP cKO male mice. (E) Detection of anti double stranded DNA (dsDNA)
antibodies. Data is averaged from of 15 WT and 17 Foxp3-YFP-cre NKAP cKO male mice.
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Figure 2. Treg-specific NKAP deletion results in lymphoproliferation and conventional T cell

activation

(A) Forward scatter and side scatter analysis of splenocytes from Foxp3-YFP-cre WT,
Foxp3-YFP cre NKAP cKO and scurfy mice. (B) Analysis of frequency and absolute
numbers of CD4 and CD8 T cells from spleens of Foxp3-YFP-cre WT, Foxp3-YFP-cre
NKAP cKO and scurfy mice. (C) Analysis of frequency and absolute numbers of activated
memory (CD44" CD62L") and naive (CD44* CD62L") CD4* and CD8* T cells from
spleens of Foxp3-YFP-cre WT, Foxp3-YFP-cre NKAP cKO and scurfy mice. All data
shown are representative of at least 6 independent experiments with 6-7 mice in each group.
Bar graphs illustrate mean absolute cell counts and error bars are SEM.
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Figure 3. NKAP deficient Tregs develop in the thymus but fail to persist in the periphery
(A) Examination of thymic development of Tregs at three weeks of age. Analysis of

frequency of CD25" Foxp3~, CD25~ Foxp3* and CD25* Foxp3™ cells and absolute cell
count of CD4* CD8~ Foxp3™* thymic Tregs. Data is from at least 6 mice per genotype from 3
independent experiments, and bar graphs show mean absolute cell count and SEM. (B)
Examination of Treg development in pups aged 4-7 days. Data is from a total of 5
experiments with at least 5 mice in each genotype, and bar graphs show average absolute
cell count and SEM. (C) Examination of Treg frequency and absolute cell counts in
peripheral lymphoid organs (spleen, and pooled brachial, inguinal and cervical LN). Data is
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from at least 4 representative independent experiments with at least 4 mice per group, and
bar graphs show mean absolute cell count and SEM.
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Figure 4. Loss of Tregs as a result of NKAP deficiency is a cell-intrinsic defect
(A) Analysis of Treg development in Foxp3-YFP-cre NKAP c¢KO chimeric females and

Foxp3-YFP-cre WT chimeric females. Data is representative of 7 independent experiments
with 7 mice in each group. (B) Analysis of splenic CD4* CD25* GITR* YFP* Treg and
CD4* CD25" GITR* YFP~ Treg frequencies and examination of expression of Nrp-1 in
CD4* CD25" YFP* Tregs, and CD4* CD25* YFP~ Tregs in Foxp3-YFP-cre NKAP cKO
chimeric females and Foxp3-YFP-cre WT chimeric females. Data is representative of 6
experiments with 6 mice in each group. (C) Examination of CD44 and CD62L expression in
CD4* CD25" YFP* and CD4* CD25* YFP~ Tregs in Foxp3-YFP-cre WT and Foxp3-YFP-
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cre NKAP cKO female mice. Use of color to identify samples refers to gated populations in
(B). Data is representative from 3 independent experiments with at least 3 mice per group.
(D) Examination of Qa2 in CD4* CD25" YFP* Tregs in Foxp3-YFP-cre NKAP cKO
chimeric females and Foxp3-YFP-cre WT chimeric females. Use of color to identify
samples refers to gated populations in (B). Data is representative from 3 independent
experiments with at least 3 mice per group. (E) Analysis of TCR excision circle (TREC)
performed on CD4* CD25* YFP™ cells sorted, from four pairs of mice, a Foxp3- YFP-cre
NKAP cKO female chimeric mouse and a Foxp3-YFP cre WT female chimeric mouse. For
the final analysis, DNA from one of the WT mice was chosen as a normalizer and a paired
Student’s T test was used to determine significance.
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Figure 5. Tregs are opsonized by complement proteins
(A-C) Increased deposition of complement components C1qg (A), C3 (B) and C4 (C) on

NKAP deficient Tregs. Data is from at least 3 independent experiments with at least 3 mice
per group). (D) Enumeration of mean frequency of cells bound by complement. Data is from
3 independent experiments with 3 mice per genotype. Bar graphs are mean percent
complement positive cells, and error bars are SEM. Throughout the figure, use of color to
identify samples refers to gated populations in Figure 5(B).
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