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Abstract

Invariant natural killer T (iNKT)-cell development is controlled by many polymorphic genes
present in commonly used mouse inbred strains. Development of type 1 diabetes (T1D) in NOD
mice partly results from their production of fewer iNKT-cells compared to non-autoimmune prone
control strains including ICR. We previously identified several iNKT-cell quantitative trait genetic
loci co-localized with known mouse and human T1D regions in a (NOD x ICR)F2 cross. To
further dissect the mechanisms underlying the impaired iNKT-cell compartment in NOD mice, we
carried out a series of bone marrow transplantation as well as additional genetic mapping studies.
We found that impaired iNKT-cell development in NOD mice was mainly due to the inability of
their double-positive (DP) thymocytes to efficiently select this T-cell population. Interestingly, we
observed higher levels of CD1d expression by NOD than ICR DP thymocytes. The genetic control
of the inverse relationship between the CD1d expression level on DP thymocytes and the
frequency of thymic iINKT-cells was further mapped to a region on Chromosome 13 between
60.12 Mb and 70.59 Mb. The NOD allele was found to promote CD1d expression and suppress
iNKT-cell development. Our results indicate that genetically controlled physiological variation of
CD1d expression levels modulates iINKT-cell development.
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Introduction

CD1d-restricted invariant natural killer T (iNKT)-cells are a unique population with diverse
immunoregulatory functions®. iNKT-cells can promote immune responses against tumors
and infectious organisms, but they are also paradoxically capable of suppressing
autoimmunity?. Distinct from conventional CD4 and CD8 T-cells, iNKT-cells are selected
by CD1d-expressing CD4/CD8 double positive (DP) thymocytes!. We previously analyzed
a large panel of classical and wild-derived inbred mouse strains and demonstrated a
substantial strain-dependent variation in the frequencies of thymic and splenic iNKT cells3.
The frequencies of iINKT-cells also vary significantly in humans#-8. Although the extent to
which environmental factors may alter the frequency of iINKT-cells in humans is unknown,
it appears that this phenotype is largely under polygenetic control8. Taken together, these
results indicate that the development of iINKT-cells is a complex trait controlled by multiple
genetic variants in both humans and mice.

We previously showed that the frequencies of iINKT-cells in NOD mice were at the lower
end of the spectrum in both the thymus and spleen compared to most other inbred strains3.
Defects in iINKT-cell development and function in NOD mice have been linked to
autoimmune type 1 diabetes (T1D) development in this strain®-21, Despite sharing the same
H297 major histocompatibility complex that is the primary genetic contributor to T1D
development in NOD mice, the ICR/HaJ strain is completely resistant to this disease. Both
NOD and ICR/HaJ (hereafter ICR) are related Swiss-derived inbred strains originating from
an Ha/ICR outbred stock?2, but differ significantly in their iNKT-cell frequencies3. To
further understand the genetic basis of iNKT-cell development, we outcrossed the NOD
mouse to the ICR strain and employed an F2 mapping strategy to identify multiple
quantitative trait loci (QTL) that regulate the frequencies of thymic and splenic iINKT-
cells?3. We reported that several iNKT-cell QTL co-localized with previously known mouse
and human T1D regions. These included a Chromosome (Chr) 12 QTL that overlapped with
a syntenic human T1D locus on Chr 1423, While NOD mice have lower frequencies and
numbers of iINKT-cells compared to the ICR strain, our F2 mapping study also identified
several loci where NOD alleles promoted rather than suppressed iNKT-cell development23,
These results indicate that in the context of the NOD genome, alleles that normally enhance
iNKT-cell development are masked by other defects in this strain.

To gain further insight into the cellular mechanisms contributing to iNKT-cell deficiency in
NOD mice and to aid in the eventual identification of the causative genes, we carried out a
series of bone marrow (BM) chimerism experiments. These studies revealed that the INKT-
cell developmental defect in NOD mice was not cell intrinsic but was largely due to the
inability of the DP thymocytes to efficiently select this T-cell subset. Unexpectedly, NOD
DP thymocytes expressed higher levels of CD1d molecules compared to the ICR
counterpart. Using a first backcross (BC1) mapping approach, we further showed that the
inverse relationship between the CD1d expression level on DP thymocytes and the
frequency of INKT-cells was controlled by a locus on Chr 13 where the NOD allele
enhanced CD1d expression and suppressed iNKT-cell development.
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Results

Hematopoietic cell intrinsic but iNKT-cell extrinsic factors contribute to impaired iNKT-cell
development in NOD mice

NOD and ICR mice have significantly different frequencies and numbers of thymic and
splenic INKT-cells as a result of genetic variations at multiple loci3 23, We generated bone
marrow (BM) chimeras to ask if factors intrinsic to hematopoietic cells respectively
suppress and promote iNKT-cell development in NOD and ICR mice. To test this, we
transferred T-cell depleted NOD (CD45.1%) or ICR (CD45.2%) BM cells into lethally
irradiated (NOD x ICR)FL1 recipients. Between 8 to 10 weeks post-BM reconstitution, we
analyzed the frequency and number of donor-derived iINKT-cells in the thymus and spleen.
As shown in Figure 1, ICR BM cells gave rise to higher frequencies and numbers of thymic
(panels A and B) and splenic (panels C and D) iNKT-cells than those from NOD
hematopoietic precursors in the reconstituted F1 recipients. We next determined if factors
intrinsic or extrinsic to iINKT-cells control their varying differentiation from NOD and ICR
BM cells. This was done by infusing T-cell depleted NOD and ICR BM cells mixed ata 1:1
ratio to chimerically reconstitute lethally irradiated (NOD x ICR)F1 mice. At the time of
analyses, the respective reconstitution levels of NOD and ICR derived thymocytes in the F1
recipients were 41.8 + 2.3 and 57.5 + 2.2 (percentages, mean + se). The respective
reconstitution levels of NOD and ICR derived splenocytes in the F1 recipients were 35.1 +
1.6 and 51.7 £+ 1.8 (percentages, mean * se). Unexpectedly, more thymic iNKT-cells (both
the percentage and absolute number) were derived from NOD than ICR BM in the
reconstituted F1 recipients (Fig. 1E and 1F). Similar results were also observed in the spleen
(Fig. 1G and 1H) although the numerical difference between NOD and ICR derived iNKT-
cells did not reach statistical significance. Collectively, these results indicate that when
developing in isolation, the impaired differentiation of INKT-cells in NOD mice is mainly
due to defects extrinsic to this T-cell population but intrinsic to BM derived hematopoietic
cells. We cannot rule out that hematopoietic cell extrinsic factors also contribute to the
different levels of INKT-cells between NOD and ICR strains as the design of the BM
chimerism experiments did not specifically test this question.

ICR DP thymocytes are more capable than those from NOD mice to support iNKT-cell
development

The results described above suggested a possibility that the ability of NOD and ICR DP
thymocytes to select and support the development of iINKT-cells is different. To directly test
this, we generated BM chimeras by transferring T-cell depleted NOD.Cd1d~/~ (CD45.1*)
BM cells admixed at different ratios with NOD.Cd45.2 or ICR BM cells into lethally
irradiated (NOD x ICR)F1 recipients. CD1d-deficient DP thymocytes lack the ability to
select but can become iNKT-cells in the presence of NOD.Cd45.2 or ICR DP thymocytes.
As shown in Figure 2A, there was a positive correlation between the frequency of
NOD.Cd1d~/~ originated iNKT-cells found in the thymus and the proportion of
NOD.Cd45.2 or ICR derived thymocytes. We also observed similar results in the spleens of
the BM chimeras (Fig. 2B). However, it was evident that ICR-derived DP thymocytes were
more capable of selecting INKT-cells compared to the NOD.Cd45.2 derived counterpart.
This conclusion is based on the observation that the degree of increase in CD1d-deficient
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BM derived iNKT-cells as a function of the gradually elevated proportion of CD1d-
sufficient DP thymocytes was far greater when developing in the co-recipients of ICR than
NOD.Cd45.2 BM.

Comparison of SLAM protein expression in NOD and ICR mice

Several SLAM family proteins, including SLAMF1 (CD150), SLAMF3 (CD229/Ly9), and
SLAMF6 (Ly108), have been shown to play important roles in the development of iINKT-
cells?4-28, SLAMF1 and SLAMF6 promote normal iNKT cell development?4. On the other
hand, SLAMF3 suppresses iNKT-cell development28. Previous studies have also
documented reduced expression level of SLAMF1 in NOD mice that in part contributes to
the numerical defect of iINKT-cells in this strain2®: 30, Thus, we determined if differential
expression of SLAMF1, SLAMF3, and SLAMF6 on NOD and ICR DP thymocytes could
represent the iINKT-cell extrinsic factors that distinguish these two strains. SLAMF1 was
expressed at a significantly lower level on DP thymocytes in NOD mice compared to the
ICR strain (Fig. 3A and 3B). Overall expression levels of SLAMF3 and SLAMF6 were
found to be comparable between NOD and ICR mice (data not shown). We also observed
that SLAMF1 expression remained significantly lower on NOD-derived DP thymocytes
compared to those of the ICR origin in the mixed BM chimeras (Fig. 3C and 3D).

CD1d expression level inversely correlates with the frequency of iNKT-cells

CD1d expression on DP thymocytes is essential and sufficient to support the development of
iNKT-cells31-35, Reduced expression of CD1d molecules on DP thymocytes could represent
another possible mechanism underlying impaired iNKT-cell extrinsic factors limiting their
development in NOD mice. Therefore, we compared the levels of CD1d protein expression
on DP thymocytes in NOD and ICR mice. To our surprise, NOD mice were found to express
a higher level of CD1d than that in the ICR strain (Fig. 4A). (NOD x ICR)F1 mice showed
an intermediate level of CD1d expression, indicating this trait is genetically controlled in a
semi-dominant manner (Fig. 4A). To determine if the difference is regulated at the mRNA
level, we independently analyzed Cd1d1 and Cd1d2 transcripts and confirmed that both
genes were expressed at higher levels in the DP thymocytes of NOD mice than in the ICR
strain (Fig. 4B). It was also evident that the difference was greater in the Cd1d1 than Cd1d2
gene. The differential levels of CD1d molecules on the DP thymocytes of NOD and ICR
mice are cell autonomously controlled as the same respectively high and low expression
patterns were observed in the mixed BM chimeras (Fig. 4C).

It is possible that the respectively higher and lower expression of CD1d molecules in NOD
and ICR mice is a strain specific characteristic but not a factor that contributes to the
difference of their INKT-cell compartment. Thus, we outcrossed NOD mice to the ICR
strain to generate F1 females that were subsequently mated to NOD males to generate a
cohort of first backcross (BC1) mice where multiple loci capable of modulating iNKT-cell
development were segregating. We analyzed the expression level of CD1d molecules on DP
thymocytes as well as the frequencies of thymic and splenic iNKT-cells in the BC1 progeny.
The BC1 mice were arbitrarily grouped based on the expression levels of CD1d on their DP
thymocytes. As respectively shown in Figures 4D and 4E, lower expression of CD1d
molecules was associated with higher percentages of thymic and splenic iINKT-cells. In

Genes Immun. Author manuscript; available in PMC 2015 October 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tsaih et al.

Page 5

addition, there was an overall negative correlation between CD1d expression levels on DP
thymocytes and iNKT-cell frequencies in the thymus and spleen (Fig. 4F and 4G). Both
CD4" and DN iNKT-cells were similarly affected (data not shown). Thus, these results
suggest that in a mixed NOD/ICR genetic background, variation in the physiological level of
CD1d expression could inversely affect INKT-cell development.

We also analyzed CD5 expression on thymic iNKT-cells to find evidence of altered TCR
signals in these cells between NOD and ICR mice as a result of engaging different levels of
CD1d molecules on DP thymocytes. As shown in Figure 5A, we observed higher expression
levels of CD5 on NOD thymic iNKT-cells compared to those in the ICR mice. On the other
hand, the overall fluorescent intensity of TCRg staining was lower on NOD thymic iNKT-
cells than those in the ICR mice (Fig. 5B). These results suggest that NOD iNKT-cells
received stronger signals from the CD1d-TCR interaction and those expressing higher levels
of TCR may have been deleted. We did not observe a difference in the fluorescent intensity
of CD1d tetramer staining, indicating that the remaining iNKT-cells have similar TCR
affinity in NOD and ICR mice (data not shown).

Genetic mapping of CD1d expression

We previously identified multiple QTL regulating the development of iINKT-cells in a
(NOD x ICR)F2 cross?3. We reasoned that if the expression level of CD1d is a factor that
differentially regulates iNKT-cell development in NOD and ICR mice, then a common
genetic locus would be identified to control both traits. To test this possibility, we conducted
a QTL analysis for the level of CD1d expression on DP thymocytes using the BC1 mice
described in Figures 4D and 4E. We identified one highly significant QTL (LOD score > 20,
explaining 48% of the variance) on Chr 13 regulating CD1d expression on DP thymocytes
(Fig. 6A). The peak LOD score was marked by rs29566823 (62.59Mb) with a 95%
confidence interval defined by rs46755152 (60.12 Mb) and rs13481868 (70.59 Mb). The
Chr 13 QTL was not found to interact with other genetic loci. The NOD allele at the Chr 13
locus enhanced the overall expression level of CD1d on DP thymocytes in the BC1 mice
(Fig. 6D). In our previously reported (NOD x ICR)F2 cross studies?3, the same Chr 13 locus
overlapping with Idd14 was identified as a suggestive QTL for the percentage of splenic
iNKT-cells in the genome scan for main effect analysis, and as a significant locus for both
thymic and splenic iNKT-cell frequencies in the multiple regression analyses. In these prior
analyses, the NOD allele at this Chr 13 locus reduced the percentage of iINKT-cells in the F2
progeny. To further test the inverse relationship between the level of CD1d expression and
the percentage of iINKT-cells, we also conducted QTL analysis for the frequency of thymic
and splenic iINKT-cells in the BC1 progeny generated in the current study. Consistent with
the previous F2 cross results, a significant QTL was found at the same Chr 13 locus (Figs.
6B and 6C) where the NOD allele lowered the frequency of thymic and splenic iNKT-cells
(Figs. 6E and 6F respectively). Also consistent with the previous F2 cross, we identified a
similar linkage on Chr 17. The location of the Chr 17 QTL is 5-20 Mb distal to the H2
locus. Taken together, our results suggest that a gene(s) within the Chr 13 locus modulates
the development of iINKT-cells through reciprocally altering the expression level of CD1d,
although the possibility that these two phenotypes are regulated by distinct genetic variants
cannot be completely ruled out.
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One caveat of our CD1d expression analysis in the mapping study is that not all BC1 mice
were analyzed on the same day. While we considered it unlikely that the highly significant
QTL identified on Chr 13 was due to day-to-day variations in the instrument and the
antibody staining process, this remained a possibility. Thus, we generated a separate cohort
of 14 BC1 mice and determined the CD1d expression level on their DP thymocytes within
the same experiment. All 14 BC1 mice were also genotyped for two SNP markers that
define the 95% confidence interval of the Chr 13 QTL. In all of the 14 mice, these two SNP
markers were perfectly linked (same NOD or NOD/ICR genotypes). As shown in Figure 6G,
the BC1 mice that carried homozygous NOD alleles at both SNPs expressed significantly
higher levels of CD1d than those that were heterozygous at both markers. Therefore, we
have identified a Chr 13 locus that inversely regulates the level of CD1d expression on DP
thymocytes and the frequency of thymic and splenic iNKT-cells.

Analyses of thymic iNKT-cell frequencies and DP thymocyte CD1d expression levels in
various inbred strains

We wished to test if the inverse relationship between CD1d expression levels on DP
thymocytes and the frequency of thymic iNKT-cells observed in NOD and ICR mice could
be extended to other mouse strains. To test this, we analyzed a panel of classical inbred
strains, including CBA/J, BALB/cJ, 129/SvinJ, A/J, FVB/J, SIL/J, C57BL6/J, and DBA2/J.
We also include ICR/HaJ mice for comparison. We normalized the mean fluorescent
intensity level of each individual mouse to the mean of 3 NOD/ShiLtJ mice analyzed on the
same days to control for day-to-day variation in the analysis of CD1d expression on DP
thymocytes. When all analyzed strains were considered, there was a significant negative
correlation (P = 0.024) between the CD1d expression level and the frequency of thymic
iNKT-cells (Fig. 7). Notably, 129/SvinJ and SJL/J mice appeared to fall outside of the linear
relationship when compared to other strains (Fig. 7). When 129/SvinJ and SJL/J mice were
excluded from the statistical analysis, the negative correlation becomes even more
significant (P = 0.0002) between the CD1d expression level and the percentage of thymic
iNKT-cells (Fig. 7). These results suggest that the presence of the inverse relationship
between the level of CD1d expression on DP thymocytes and the frequency of thymic
iNKT-cells is genetic background dependent.

Discussion

In the current study, we used mixed BM chimeras to demonstrate that iINKT-cell extrinsic
but hematopietic cell intrinsic factors contribute to their developmental defects in NOD
mice. In addition, we showed that CD1d expression levels on DP thymocytes inversely
correlated with the frequencies of thymic and splenic iNKT-cells in the BC1 progeny. The
genetic control of CD1d expression was further mapped by linkage analysis to a Chr 13
region that explained 48% of the variance. This indicates that a polymorphic gene(s) within
the Chr 13 QTL plays a major role in modulating the CD1d expression level although other
loci with minor effects may also be involved in this regulation. The same Chr 13 locus was
also found to significantly regulate iNKT-cell frequencies in the BC1 mice. Collectively, our
results suggest that a gene within the Chr 13 linkage interval regulates iNKT-cell
development through reciprocally modulating CD1d expression on DP thymocytes. The Chr
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13 locus was identified as a suggestive QTL that regulated iNKT-cell frequency in our
previous (NOD x ICR)F2 cross. Thus, our current study also demonstrates that analyses of
sub-phenotypes potentially linked to iINKT-cell development are a useful approach to further
confirm and define the biological contribution of previously identified loci.

Thymic iNKT-cells have been shown to exert an effect on other developing T-cells3¢: 37, |t
is possible that the number of INKT-cells in the thymus could modulate the expression of
CD1d on DP thymocytes. Thus, the inverse relationship between the level of CD1d
expression and the frequency of iINKT-cells could be due to an iNKT-cell derived factor that
suppresses the expression of CD1d molecules. However, we consider this explanation
unlikely. This conclusion is based on the results presented in Figure 4. In the BM chimeras
where a 1:1 ratio of NOD and ICR BM cells were transferred, NOD and ICR derived DP
thymocytes respectively expressed high and low levels of CD1d even when they were
exposed to the same iNKT-cells (Fig. 4C). In addition, in our BC1 progeny, various iNKT-
cell frequencies were observed in mice having similar levels of CD1d expression. Therefore,
our results suggest that a gene(s) on Chr 13 controls the level of CD1d expression which in
turn modulates iNKT-cell development. There are 214 protein coding and non-coding genes
listed at Mouse Genome Informatics (www.informatics.jax.org) within the Chr 13 QTL
confidence interval (Supplementary Table 1). Among these, there are several protease
cathepsin protein coding genes, including Ctsl. Thymic expression of cathepsin L (encoded
by Ctsl) is essential for INKT-cell development38. However, a possibility of Ctsl as the
underlying gene of the Chr 13 QTL can be ruled out because cathepsin L deficient mice
express normal levels of CD1d on their DP thymocytes3®. Our gene expression results
indicate that the level of CD1d expression is regulated at the transcript level by a gene(s)
within the Chr 13 linkage region. Within this QTL confidence interval, there are also several
zinc finger protein and miRNA coding genes, which could potentially regulate CD1d
expression at the transcriptional level. Future mapping and gene expression studies will test
this possibility.

CD1d expression in the thymus is essential to support the development of iINKT-cells.
However, the mechanisms controlling CD1d expression on DP thymocytes remain largely
unknown. Unique polymorphisms present in the CD1d promoter of PWD/PhJ and PWK/PhJ
strains were demonstrated to decrease CD1d expression on DP thymocytes3?. The same
report showed that reduced CD1d expression was associated with the lower frequency of
iNKT-cells also observed in PWD/PhJ and PWK/PhJ mice when compared to the C57BL/6
strain. On the other hand, we showed that there was an inverse relationship between the
level of CD1d expression on DP thymocytes and the frequency of iNKT-cells in NOD and
ICR strains and their BC1 progeny. Interestingly, the frequency of iNKT-cells was not found
to be further increased in our BC1 mice showing the lowest CD1d expression level (Fig. 4D
and 4E). We also attempted to determine if the inverse relationship observed between NOD
and ICR mice could be applied to other commonly used classical inbred strains. Our results
showed that only a subset but not all the strains analyzed here exhibited a negative
correlation between CD1d expression levels and iNKT-cell frequencies. Development of
iNKT-cells is a complex trait controlled by multiple genes. Previous mouse genetic studies,
including ours, have identified more than 10 loci by congenic mapping approaches or
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crosses between two strains® 10. 15,19, 21,23, 40,41 Thys it is reasonable to consider that the
effect of CD1d expression level on iNKT-cell development could be masked by other
dominant allelic variants in certain genetic backgrounds. We have also compared the
frequencies of iINKT-cells between wild-type NOD and NOD.CD1d*/~ mice but did not
observe a significant difference (data not shown), albeit the CD1d expression level was
reduced by about 50% in the latter strain. Thus, these results indicate that the physiological
variation in CD1d expression plays an important role in controlling the development of
iNKT-cells, but reducing its level alone is not sufficient to increase the frequency of these T-
cells in NOD mice.

Previous studies utilizing NOD congenic strains or a cross between NOD and B6 mice did
not identify the Chr 13 locus for the frequency of iNKT-cells. Congenic mapping studies
have not tested the Chr 13 region. One explanation to why the Chr 13 locus was not mapped
in the previous NOD and B6 cross is that the underlying gene is not polymorphic between
NOD and B6 strain. This possibility is supported by the similar CD1d expression level
observed between NOD and B6 strains (Figure 7).

The exact mechanism underlying the inverse relationship between CD1d expression level on
DP thymocytes and the frequency of iINKT-cells remains to be elucidated. Lck promoter
driven transgenic over-expression of CD1d molecules exclusively on thymocytes did not
lead to reduced iNKT-cells3# 35, On the other hand, when driven by a MHC class | gene
promoter, over-expression of CD1d caused a significant reduction of iINKT-cells as a result
of enhanced dendritic cell (DC) mediated negative selection*2. We also observed higher
level of CD1d expression on NOD thymic DC (CD11c*) compared to their ICR counterparts
(data not shown). Future studies will determine if differential expression of CD1d molecules
on thymic DC contributes to the respectively low and high iNKT-cell frequencies in NOD
and ICR mice as a result of negative selection.

Homotypic interactions of SLAMF1 and SLAMF6, presumably at the DP stage, are
important for the development of iNKT-cells24. NOD and ICR have different haplotypes at
the Slam/Cd2 locus on the distal end of Chr 1 (based on available SNP genotyping results at
the Mouse Phenome Database, http://phenome.jax.org/) that most likely modulate their
expression levels in cis as shown previously2?: 30: 43 Although lower SLAMF1 expression
on NOD DP thymocytes could explain their reduced ability to select and support the
development of iINKT-cells, we do not consider it the major contributor to the observed
difference in the frequency and number of this unique T-cell subset in NOD and ICR mice.
This interpretation is based on the results of our previously reported F2 mapping studies?3
and the BC1 genetic analyses described here where the Slam/Cd2 locus was not identified as
a QTL for the frequency of thymic iNKT-cells. Since SLAMF1 expression remained lower
on NOD-derived DP thymocytes compared to those of the ICR origin in mixed BM
chimeras, our results indicate that ICR derived signals do not promote NOD iNKT-cell
development through normalizing SLAMF1 expression on their precursors. Our results also
demonstrate that low expression of SLAMF1 on NOD DP thymocytes do not significantly
prevent them from becoming iNKT-cells when present in a permissive environment.
Although both SLAMF1 and SLAMF6 contribute to iNKT-cell development in the thymus,
the latter appears to play a more important role as SLAMF6 deficient mice have fewer
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iNKT-cells compared to Slamfl knockout mutants?4. Therefore, the level of SLAMF6 in
NOD mice was able to compensate for their low SLAMF1 expression to support iNKT-cell
development in the presence of ICR DP thymocytes in the mixed BM chimeras.
Nonetheless, our results do not argue against a role of low SLAMF1 expression in defective
iNKT-cell development in NOD mice as previously indicated? 30, Optimal development of
iNKT-cells is most likely finely tuned by the combined effects of the expression levels of
CD1d and SLAMF family proteins, including SLAMF1, SLAMF3, and SLAMF6.

Our mixed BM chimerism experiments also demonstrate that the developmental defect of
NOD iNKT-cells is not cell-intrinsic. Indeed, in mixed BM chimeras more thymic iNKT-
cells were derived from NOD than ICR hematopoietic precursors. This indicates that the
normally impaired development of iNKT-cells in NOD mice is due to non-cell autonomous
factors. We previously identified a major QTL on Chr 17 regulating iNKT-cell frequencies
in a (NOD x ICR)F2 cross23. The same locus was also identified in the BC1 cross. The
NOD but not the ICR allele of the Chr 17 QTL promoted iNKT-cell development. Future
studies will determine if a gene(s) within this region regulates iNKT-cell development in a
cell-intrinsic manner.

In conclusion, we identified a Chr 13 locus that inversely regulates CD1d expression on DP
thymocytes and the frequency of iINKT-cells. In addition, our results indicate that the
reduced frequency of iINKT-cells in NOD mice is not cell autonomously controlled but is
mainly due to the impaired ability of their BM derived cells, most likely DP thymocytes, to
support the development of this T-cell subset.

Materials and Methods

Mice

NOD/LtDvs (hereafter NOD) mice are maintained at the Medical College of Wisconsin
(MCW) by brother-sister mating. ICR/HaJ (ICR), NOD.Cd45.2, and NOD.Cd1d~/~ mice
were purchased from The Jackson Laboratory (TJL) (stock numbers 009122, 014149, and
006330 respectively) and maintained by brother-sister mating at the MCW. Five-week-old
male NOD/ShiLtJ, CBA/J, BALB/cJ, 129/SvinJ, A/J, FVB/J, SIL/J, C57BL6/J, and DBA2/J
were purchased from TJL and housed in the MCW vivarium for two weeks before the
experiments. NOD mice were outcrossed to ICR mice to generate reciprocal F1 females that
were subsequently mated to NOD males to generate first backcross (BC1) progeny. A total
of 163 male BC1 mice were generated for analysis. Results from all BC1 males derived
from both directions of the F1 crosses were combined for statistical analyses. All BC1 mice
were analyzed at 7 weeks old. Previous studies showed sex difference in the frequency of
thymic iNKT-cells!0. Based on this reason, male mice were used in all analyses. All animal
protocols were approved by the MCW Institutional Animal Care and Use Committees.

Generation of bone marrow chimeras

Bone marrow (BM) cells were harvested from both femurs and tibias of 6-10 week-old
donors. T-cells were depleted using anti-CD3 microbeads and LD columns from Miltenyi
Biotec (San Diego, CA). NOD and ICR BM cells (5x108 total) were intravenously
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transferred alone or co-injected at a 1:1 ratio into lethally (1100 Rads) irradiated 4-8 week-
old (NOD x ICR)F1 mice. In separate experiments, T-cell depleted NOD.Cd1d~/~ BM cells
admixed at different ratios with those from NOD.Cd45.2 or ICR mice were used as donor
cells. BM chimeras were analyzed at 8-10 weeks post reconstitution. The F1 mice were
used as recipients to avoid potential rejection of the BM cells, and to distinguish NOD and
ICR derived cells.

Flow cytometry

Red blood cell depleted single cell suspensions were prepared from the thymus and the
spleen. Cells were Fc-blocked at room temperature with anti-CD16/CD32 (clone 2.4G2,
BioxCell) for 10 min followed by staining with an antibody cocktail containing CD1d/a-
galactosylceramide analog (PBS-57) loaded tetramers, anti-CD4 (clone RM4-5), and anti-
TCRg (clone H57-597) for 30 min at 4C. Thymocytes were also stained with anti-CD8
(clone 53-6.7) and anti-CD4 as well as anti-CD1d (clone 1B1), anti-CD5 (clone 53-7.3),
anti-SLAMF1 (clone TC15-12F12.2), anti-SLAMF3 (clone Ly9ab3), or anti-SLAMF6
(clone 330-AJ) as indicated. For analyzing BM chimeras, the thymus and spleen were
similarly processed and cells were stained with CD1d tetramers, anti-CD4, and anti-TCRy,
anti-CD45.1 (clone A20) and anti-CD45.2 (clone 104). CD1d tetramers were provided by
the NIH tetramer core facility. All fluorochrome conjugated antibodies were purchased from
BD Bioscience (San Jose, CA), BioLegend (San Diego, CA), or eBioscience (San Diego,
CA). Stained cells were washed, run on a FACSCalibur or a LSRII flow cytometer (Becton
Dickinson, Franklin Lakes, NJ), and analyzed using the FlowJo software (Tree Star,
Ashland, OR). Dead cells were excluded by propidium iodide or 7-AAD staining. Both dyes
were purchased from Sigma-Aldrich (St. Louis, MO).

Single nucleotide polymorphism genotyping

Tail genomic DNA was purified by the Wizard Genomic DNA Purification kit (Promega,
Madison, WI). Purified tail DNA samples of BC1 mice used for mapping studies were sent
to GeneSeek Illumina Genotyping Services (Lincoln, NE) and genotyped with the Mouse
Universal Genotyping Array (MUGA) as previously described?3, This platform analyzes
7,851 single nucleotide polymorphism (SNP) markers throughout the mouse genome with
an average spacing of 325 Kb. NOD, ICR and (NOD x ICR)F1 DNA samples were also
included for quality control purposes. Genotypes on these control samples were used to filter
out non-polymorphic markers as well as markers that were technical failures based on
inconsistent genotypes between parental strains and the F1 sample. A total of 1,528 markers
on autosomes passed the filtering and were used in the QTL mapping analysis. Genetic map
positions of these markers (cM) were updated to the new mouse genetic map using the web
tool mouse map converter at http://cgd.jax.org?*. The new map resolves inconsistencies
between the physical and genetic maps.

Quantitative trait loci (QTL) analysis

The distributions of measured phenotypes were skewed so all traits were log-transformed
before analysis. A three-stage QTL mapping approach was performed on each trait using
R/qtl v1.25-15 (http://www.rqtl.org/)*° as described?®: 47. Briefly, the first stage is a single-
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locus genome scan to identify single loci associated with the CD1d expression, thymic and
splenic INKT-cell traits (main effect QTL). The respective genome-wide adjusted thresholds
for significant (P < 0.01) and suggestive (P < 0.1) LOD scores were based on 10,000
permutations of the observed data. QTL confidence intervals (Cls) were determined by the
posterior probability as previously described?®. In stage 2 of the analysis, simultaneous pair-
wise scans to detect additive and epistatic effects were performed. The third stage was to
collect QTL detected at previous 2 stages to construct a multiple-QTL model to determine
the combined effects of all QTL detected on the traits.

Quantitative real time polymerase chain reaction (QPCR)

NOD and ICR thymocytes isolated form 7 week-old males were stained with anti-CD4 and
anti-CD8, and DP cells were sorted on a FACS Aria llu (BD Biosciences). The purity was
higher than 99%. Total RNA was extracted using the RNeasy Plus Mini kit (Qiagen) as
recommended by the manufacturer. First strand cDNA was synthesized with the High
Capacity cDNA Reverse Transcription kit (Applied Biosystems) according to the
manufacturer’s instruction. qPCR was performed on a 7900HT Sequence Detection System
(Applied Biosystems) using TagMan® gene expression assays for Gapdh (assay number:
Mm99999915 g1), Cd1d1 (assay number: Mm00783541 sl1), and Cd1d2 (assay number:
MmO0O0776138_gh). Relative expression of Cd1d1 and Cd1d2 was determined using Gapdh
as the internal control using the comparative Ct method.

Statistical analysis

General statistical analysis was performed using Prism 5 (GraphPad Software). The specific
statistics used to calculate P values for different comparisons are indicated in the
corresponding Figure Legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hematopoietic cell intrinsic but iINKT-cell extrinsic factors contributeto impaired
iNKT-cell development in NOD mice

T-cell depleted BM cells (5%108) isolated from NOD or ICR were transferred alone or co-
injected at a 1:1 ratio into lethally irradiated (1100 Rads) (NOD x ICR)F1 recipients. The
frequency and number of iINKT-cells were determined in the thymus and spleen at 8-10
weeks post BM reconstitution. (A and C) Representative flow cytometry profiles of the
thymus (A) or spleen (C) cells isolated from an F1 recipient reconstituted with either NOD
(CD45.1) or ICR (CD45.2) BM cells. (B and D) Summarized results of the frequency and
number of thymic (B) and splenic (D) iNKT-cells in F1 recipients reconstituted with either
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NOD (CD45.1) or ICR (CD45.2) BM cells. (E and G) Representative flow cytometry
profiles of the thymus (E) or spleen (G) isolated from an F1 recipient reconstituted with
equal number of NOD (CD45.1) and ICR (CD45.2) BM cells. (F and H) Summarized results
of the frequency and number of thymic (F) and splenic (H) iNKT-cells in F1 recipients
reconstituted with equal number of NOD (CD45.1) and ICR (CD45.2) BM cells. Each
symbol represents one BM recipient. The horizontal bar indicates the mean. Results are
pooled from 2 independent experiments. Statistical analysis was performed using the Mann
Whitney test.
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Figure 2. ICR DP thymocytes are mor e capable than those from NOD mice to support the
development of INKT-cells

NOD.Cd1d~/~ BM cells admixed with those from NOD.Cd45.2 or ICR at different ratios
(from 4:1 to 1:4) were transferred into lethally irradiated (NOD x ICR)FL1 recipients. The
frequencies of NOD.Cd1d ™/~ derived iNKT-cells were determined in the thymus (A) and
spleen (B) of the BM chimeras at 8-10 weeks post BM reconstitution. Gating strategy was
similar to that described in Figure 1. The percentage of iNKT-cells is presented as the
proportion of CD45.1*/CD45.2~ cells. Statistically significant correlations (Pearson
correlation, P < 0.05) between the percentages of NOD.Cd1d ™/~ derived iNKT-cells and the
proportions of CD45.2* cells were found for those selected by NOD.Cd45.2 or ICR in both
the thymus and spleen. The solid and dotted lines represent the best fit linear regression
lines.
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Figure 3. Analyses of SLAMF1 expression
(A and B) Expression levels of SLAMF1 on DP thymocytes of 7-week-old NOD and ICR

males were analyzed by flow cytometry. Representative histograms of SLAMF1 on
CD4*/CD8* gated cells are shown in (A). NOD and ICR mice are respectively indicated by
shaded areas and solid lines. Results from 4-5 mice per strain are summarized in (B). (C and
D) Expression of SLAMF1 was analyzed on DP thymocytes in NOD/ICR mixed BM
chimeras. (C) Representative histograms of SLAMF1 expression (gated on NOD CD45.1*
CD45.2" or ICR CD45.1~ CD45.2* DP thymocytes). (D) The summarized results from 5
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BM chimeras are shown. Each symbol represents one mouse. The horizontal bar dictates the
mean. Statistical analysis was performed using the Mann Whitney test.
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Figure4. CD1d expression level inversely correlates with the frequency of iINKT-cells
(A) Flow cytometry analysis of CD1d expression on DP thymocytes of 7-week-old NOD,

ICR, and (NOD x ICR)F1 males. Each symbol represents one mouse. The horizontal bar
indicates the mean. Statistical analysis was performed using the Mann Whitney test. (B) The
relative levels of Cd1d1 (left) and Cd1d2 (right) transcripts in DP thymocytes isolated from
NOD and ICR mice. Total RNA was isolated from sorted DP thymocytes and reverse
transcribed into cDNA. The abundance of Cd1d1 and Cd1d2 cDNA was determined by
gPCR and normalized to that of Gapdh. The results are presented as the fold change relative
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to the mean of all analyzed NOD mice. Each symbol represents one mouse. The horizontal
bar indicates the mean. Statistical analysis was performed using the Mann Whitney test. (C)
CD1d expression difference in NOD and ICR DP thymocytes is cell autonomously
controlled. NOD and ICR BM cells were mixed at a 1:1 ratio and transferred into lethally
irradiated (1100 Rads) (NOD x ICR)F1 recipients. CD1d expression on NOD or ICR
derived DP thymocytes was determined by flow cytometry at 9 weeks post BM
reconstitution. The representative result of 3 BM recipients is shown. (D and E) A cohort of
163 first backcross (BC1) males were analyzed to test if there is an inverse relationship
between CD1d expression level on DP thymocytes and the frequency of iNKT-cells. BC1
mice are grouped based on the expression level of CD1d and the frequencies of thymic (D)
and splenic (E) iNKT-cells are statistically compared by one way analysis of variance
followed by the Tukey’s multiple comparison test to compare all possible pairs. Each
symbol represents one mouse. The horizontal bar indicates the mean. Overall negative
correlations were also found between CD1d expression levels on DP thymocytes and iNKT-
cell frequencies in the thymus (F) and spleen (G). The corresponding Pearson correlation r
and the P value are indicated.
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Figure 5. Evidence of differential CD1d-TCR interaction strength on thymic iNK T-cells between
NOD and ICR mice

The MFI of (A) CD5 and (B) TCRg staining on NOD and ICR thymic iNKT-cells (gated on
TCRg*/CD1d tetramer™). Each symbol represents one mouse. The horizontal bar indicates

the mean. Statistical analysis was performed using the Mann Whitney test.
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Figure 6. Genetic mapping of CD1d expression and the iNKT-cell frequency
QTL analysis was performed to map genetic loci that regulate the expression level of CD1d

on DP thymocytes and the frequencies of thymic and splenic iNKT-cells. (A) The LOD
score plot of CD1d expression on DP thymocytes. (B) The LOD score plot of thymic iNKT-
cell frequency among total thymocytes. (C) The LOD score plot of splenic iNKT-cell
frequency among total splenocytes. The solid and dashed lines respectively represent the
genome-wide adjusted significant (P < 0.01) and suggestive (P < 0.1) LOD score thresholds.
(D) The single ICR allele at the Chr 13 peak marker rs29566823 reduced the expression of
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CD1d on DP thymocytes. Each symbol represents one mouse. The horizontal bar indicates
the mean. Statistical analysis was performed using the unpaired t test. (E) The single ICR
allele at the Chr 13 peak marker rs46755152 increased the frequency of thymic iNKT-cells.
Each symbol represents one mouse. The horizontal bar indicates the mean. Statistical
analysis was performed using the unpaired t test. (F) The single ICR allele at the Chr 13
peak marker rs46755152 increased the frequency of splenic iNKT-cells. Each symbol
represents one mouse. The horizontal bar indicates the mean. Statistical analysis was
performed using the unpaired t test. (G) Independent confirmation of genotype-phenotype
(CD1d expression level) association in 14 BC1 mice. The homozygous NOD genotypes at
Chr 13 markers rs46755152 and rs13481868 significantly enhanced the expression of CD1d
on DP thymocytes. Each symbol represents one mouse. The horizontal bar indicates the
mean. Statistical analysis was performed using the Mann Whitney test.
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Figure 7. Negative correlation of thymic iNKT-cell frequenciesand DP thymocyte CD1d
expression levelsin a panel of inbred strains

The proportion of thymic iNKT-cells and the level of CD1d expression on DP thymocytes
were determined in 7-week-old males of the indicated strains. For each strain, 5 mice were
analyzed side by side with 3 NOD males in the same experiment. The CD1d expression
level was then normalized to the mean of the 3 NOD mice. Each symbol represents one
mouse. The dotted line represents the best fit linear regression line when all strains are
considered. The solid line denotes the best fit liner regression line when 129S1/SvinJ and
SJL/J are excluded. The corresponding Pearson correlation r and the P value are also
indicated.
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