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Abstract

iNKT cells are a particular lymphocyte population with potent immunomodulatory capacity; by
promoting or suppressing immune responses against infections, tumors, and autoimmunity, iNKT
cells are a promising target for immunotherapy. The hallmark of iINKT cells is the expression of a
semiinvariant TCR (with an invariant a-chain comprising AV14 and AJ18 gene segments), which
recognizes glycolipids presented by CD1d. Here, we identified iNKT cells for the first time in the
rat using rat CD1d-dimers and PLZF staining. Importantly, in terms of frequencies (1.05% + 0.52
SD of all intrahepatic af T cells), coreceptor expression and in vitro expansion features, iNKT
cells from F344 inbred rats more closely resemble human iNKT cells than their mouse
counterparts. In contrast, in LEW inbred rats, which are often used as models for organ-specific
autoimmune diseases, iINKT cell numbers are near or below the detection limit. Interestingly, the
usage of members of the rat AV14 gene family differed between F344 and LEW inbred rats. In
conclusion, the similarities between F344 rat and human iNKT cells and the nearly absent INKT
cells in LEW rats make the rat a promising animal model for the study of iNKT cell-based
therapies and of iINKT-cell biology.
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Introduction

iNKT cells (also known as type | NKT cells) are a distinct subset of T lymphocytes sharing
features of innate and adaptive lymphocytes. They express TCRs comprising an invariant a-
chain created by lineage-defining rearrangements of AV14 (TRAV14, Val4) and AJ18
(TRAV18, Ja18) gene segments in mice and by their homologues AV24 (TRAV24, Va24)
and AJ18 (TRAV18, Ja18) in humans and a number of other mammalian species [1,2].
(Mouse AV14 and human AV24 correspond to TRAV11 in the WHO/IMGT nomenclature.)
This rearrangement is further characterized by a VVJ gene segment transition of uniform
length, which contains a germ line-encoded amino acid at position 93 (glycine in mice and
serine in humans) in most instances [3,4]. The CDR3s of the f-chain are highly variable but
the BV (V) gene segments used are mainly BV82, BV7, and BV2 in mouse and BV11 in
human (homologue to mouse BV8S?) [1]. Most but not all iINKT cells express NKR-P1C
(also known as NK1.1) in mice and NKR-P1A (CD161) in humans. Nonetheless in humans,
only a minor fraction of all NKR-P1A™* aff T cells are iNKT cells [1,5]. Mouse iNKT cells
are CD4* or CD4 and CD8 double negative (DN) whereas human iNKT cells are DN,
CD4*, and CD8a™ [5, 6]. iNKT cells home to particular tissues such as the liver,
constituting up to 30% of all intrahepatic lymphocytes (IHLs) in certain mouse-inbred
strains such as C57BL/6 [1]. In humans however, the frequencies are much more reduced
(about 0.5% of all CD3* cells in the liver) and vary considerably between individuals [1,7].

In contrast to most af T cells, which recognize peptides presented by MHC molecules, the
semi-invariant TCR of iINKT cells is specific for lipid antigens presented by CD1d, a
nonpolymorphic MHC class I-like molecule [1]. The first and still one of the strongest
antigens identified is KRN7000 (commonly referred to as a-Galactosylceramide (a-
GalCer)), which is a synthetic derivate of a compound isolated from the marine sponge
Agelas mauritanus [1]. Importantly, iINKT cells can be unequivocally identified using a-
GalCer-loaded CD1d oligomers, distinguishing them for example from non-iNKT T cells,
which express NKR-P1 [5].

iNKT cells rapidly secrete large amounts of many different cytokines after activation and a
significant fraction of them even simultaneously produces the Thl and Th2 signature
cytokines IFN-y and IL-4 [1]. Largely due to the effects of their secreted cytokines on other
cells, iINKT cells greatly influence the immune system. Studies in mice and clinical
observations in humans have shown iNKT cells to suppress or promote autoimmunity as
well as responses against infections and tumors, making iNKT cells a promising target for
immunotherapy. Nevertheless, there is still much to be learned about how iINKT-cell
stimulation results in such different outcomes.

Genetic as well as functional studies have indicated the existence of INKT cells in the rat but
the direct identification of these cells has thus far been lacking. Rats have one CD1d, two
BV8X (BV8S2 and BV8$4), various AV14, and one AJ18 homologues and the typical
AV14AJ18 rearrangements [8-10]. The presence of an AV14 gene family with up to ten
highly similar members is a particularity of rats not found in humans or mice [9, 11, 12]. Rat
AV14 gene segments have been grouped into type 1 and type 2 based on characteristics of
their CDR2 and have been reported to be distributed, to some extent, in an organ-specific
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Results

manner [9]. At the functional level, rat splenocytes and IHLs have been shown to secrete
IFN-y and IL-4 in response to stimulation with a-GalCer [12, 13] in a CD1d-dependent
fashion ([13] and this study).

a-GalCer-loaded mouse or human CD1d tetramers bind very poorly to the rat iINKT-TCR
[12] (Monzon-Casanova, Herrmann, unpublished data). This is in contrast to the mouse and
the human, both of which show CD1d/iNKT-TCR cross-species reactivity [1], but it
explains why a discrete population was not observed among rat IHLs using mouse CD1d
tetramers [12]. Furthermore, former attempts to identify rat iINKT cells using surrogate
markers have also failed as no cell population has yet been found with the features predicted
for INKT cells based on their mouse counterparts. Instead, rat NKR-P1A/B-positive T cells
are found in the spleen and the liver at similar frequencies, show no BV8S2 or BV8S54 bhias,
produce IFN-y but not IL-4, and most of them express CD8p [9, 12, 14-16].

In the present study, newly generated rat CD1d dimers allowed us to identify rat iNKT cells
for the first time in the F344 inbred rat strain. Importantly, these cells are more similar to
human than mouse iNKT cells in terms of frequencies, CD8 expression, and expansion upon
in vitro stimulation with a-GalCer. In addition, we found a nearly complete lack of INKT
cells in the widely used LEW rat strain. These findings identify the rat as a closely matching
animal model to study the biology and the therapeutic use of INKT cells in humans.

Identification of rat INKT cells

The negligible binding of rat INKT-TCR to a-GalCer-loaded mouse CD1d tetramers [14]
prompted us to generate syngeneic CD1d dimers. Rat and mouse CD1d dimers were loaded
with a-GalCer or vehicle only (DMSOQ) as a control and were used to stain IHLs derived
from F344 rats and from C57BL/6 mice (Fig. 1). Rat a-GalCer-CD1d dimers bound to a
small but distinct population of F344 IHLs, which was missing when rat vehicle-CD1d
dimers were used. As expected, very few rat cells were stained by mouse a-GalCer-CD1d
dimers (when comparing with the vehicle control), but in contrast, a subpopulation of mouse
iNKT cells was stained with rat a-GalCer-CD1d dimers. These results are consistent with
our previous functional data [12].

The differences between the iINKT-cell frequencies of C57BL/6 mice and F344 rats are
noteworthy. In C57BL/6 mice, more than 50% of all afp T cells in the liver (30% of total
IHLs) were detected with mouse a-GalCer-CD1d dimers, while in F344 rats, iNKT cells
constituted only 1.05% of all af T cells (0.24% of total IHLs; Fig. 1 and Supporting
Information Table 1). In both species positive a-GalCer-CD1d-dimer-stained T cells
expressed low TCR levels, a feature of iNKT cells.

Phenotypic characterization of rat iINKT cells

In line with the particular homing preferences of iNKT cells, more iNKT cells were found in
the liver (0.24%) as compared with what was found in the spleen (0.013%) of F344 inbred
rats (Fig. 2A and Supporting Information Table 1). Importantly, these frequencies are very
similar to those of humans [7]. Since there was some degree of nonspecific staining with the
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vehicle-CD1d dimers, a control staining with vehicle-CD1d dimers was always carried out
in parallel to each a-GalCer-dimer staining. The calculation of the final frequencies,
including the phenotypic characterization, was carried out by subtracting the event numbers
obtained with the vehicle-CD1d dimers from the event numbers obtained with a-GalCer-
CD1d dimers. Results obtained with groups of three to ten individual animals are
summarized in Table 1 of the Supporting Information while Figure 2 illustrates how these
frequencies were calculated. In the spleen, a higher binding of the vehicle-loaded control
dimers and the secondary reagent used to visualize them was observed compared with that
of the liver (Fig. 2A and Supporting Information Fig. 2). This nonspecific staining may have
obscured specific binding of a-GalCer-CD1d-dimers to splenocytes and therefore a cautious
interpretation of the final frequencies calculated for the spleen is warranted.

A reliable phenotypic characterization of iINKT cells was only possible in the liver, but not
for the extremely small numbers of splenic iINKT cells. Most rat iNKT cells are DN or CD4*
(Fig. 2A and Supporting Information Table 1) and, similar to their mouse counterparts [17],
rat iNKT cells express lower levels of CD4 than non-iNKT CD4* T cells (Fig. 2C). Similar
to humans, but in contrast to mice [1, 6], a fraction of rat iNKT cells were found to express
CD8a™ (Fig. 2C). In contrast, almost no CD8B* iNKT cells were detected (Fig. 2A and
Supporting Information Table 1). As shown in Figure 2, the majority of rat iINKT cells
expressed NKR-P1A/B at intermediate levels, detected by the mAb 10/78 [18], but only a
small fraction of all NKR-P1A/B* T cells are iNKT cells (Supporting Information Table 1).
It is important to highlight this finding since coexpression of NKR-P1A/B and TCR are used
as surrogate markers for iNKT cells in the rat [19-21]. TCR usage among iNKT cells was
analyzed with the mAbs R78 and HIS42, which in F344 rats bind, respectively, to TCRs
containing BV8S4A2 (a homologue to mouse BV8S2) and BV16 [10]. About half of iINKT
cells were R78 (BV8S4A2)-positive while almost no BV16* iNKT cells were detected (Fig.
2C and data not shown for BV16).

Recently, the transcription factor PLZF was found to be expressed at high levels by iNKT
cells and to control the development of their innate-like features [22, 23]. As shown in Fig.
2(D), most iNKT cells, defined by concomitant staining with a-GalCer-CD1d dimers and
anti-TCRpP mAb (as shown in Fig. 2A and C), were stained by an anti-PLZF mAb.
Moreover, almost all PLZF* aB T cells were also stained by a-GalCer-CD1d dimers but not
by vehicle-loaded CD1d dimers (Fig. 2E). Some TCRp-negative cells were also stained with
the anti-PLZF mAb (Fig. 2E). However, staining with an isotype control antibody revealed a
similar background staining for TCRp-negative cells (0.193%) whereas the background
staining among TCRp-positive cells was much lower (0.06%, data not shown). Last,
consistent with iINKT cells being the major PLZF-expressing T-cell population, most PLZF*
af T cells expressed NKR-P1A/B at intermediate levels (Fig. 2F).

LEW rats show a profound iNKT cell deficiency

Apart from F344 inbred rats, we also examined the widely used LEW inbred rat strain. The
LEW strain is well known for its susceptibility to induced organ-specific autoimmunity,
which is not to be found in F344 rats [24-26]. As shown in Figure 2F LEW rats lack the
PLZF* NKR-P1A/B-intermediate T-cell population found in F344 and show no specific
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binding of a-GalCer-CD1d dimers (Fig. 2B). Nevertheless, the few cells stained with a-
GalCer-CD1d dimers in the liver of LEW rats showed some increase of the DN fraction in
comparison with the cells stained with vehicle-CD1d dimers (Fig. 2B). Therefore, it is
conceivable that these DN cells are iNKT cells, which may be missed due to nonspecific
staining of the vehicle control. However, even if it is postulated that all the DN a-GalCer-
CD1d-stained cells would be bona fide iNKT cells, their frequency would be a maximum of
0.003% in IHLs (i.e., about 2% of the INKT cells found in F344 liver).

Next, we examined the presence of iINKT cells in the thymus of both inbred rat strains by
flow cytometry and compared it with that of C57BL/6 mice (Fig. 2G). We used both rat and
mouse CD1d dimers, but none of them revealed a distinct iNKT-cell population among
F344 or LEW thymocytes. In contrast, C57BL/6 thymocytes contained a distinct fraction of
a-GalCer-CD1d dimer-stained cells. The analysis of iINKT cells in mouse thymi is
commonly carried out after exclusion of HSANYN (CD24) immature thymocytes. The
commercially available anti-rat HSA mAb does not stain rat thymocytes. Therefore, we
analyzed CD8™ cells (CD8a~ in case of rat and CD8aa~/CD8af~ in case of mouse),
stained with anti-TCRB mAb and CD1d dimers. This approach has been chosen to
specifically enrich the populations among which rat (CD4*, DN, and CD8aa™) or mouse
(CD4*, DN) iNKT cells are expected and found to result in an eightfold increase of the
relative iNKT-cell frequency among C57BL/6 thymocytes. However, we were still not able
to detect a distinct iINKT-cell population among F344 or LEW thymocytes (Fig. 2G).

In addition to flow cytometry experiments, we also examined the expression of AV14-
containing TCRs by RT-PCR (Supporting Information Fig. 1F). First, we analyzed the
expression of TCRa chains comprised by AV14 and AJ18 gene segments. The highest
expression levels were found among F344 IHLs, followed by F344 splenocytes, and
thymocytes. In contrast, analysis of LEW-derived RNA gave only very weak or no signals.
Importantly, the differences between LEW and F344 were already found in thymocytes.

AV14-AJ18 rearrangements were also analyzed by sequencing the RT-PCR products.
Sequencing always succeeded in F344 rats but only in one of three attempts in LEW rats. In
thymocytes of F344 rats, the AJ18 sequence was only partially readable, which would be
expected if noncanonical AV14-AJ18 rearrangements with VVJ gene segment transitions of
different lengths were also amplified (data not shown). The PCR products obtained from
F344 IHLs and splenocytes showed a characteristic INKT AV14-AJ18 transition with a
three nucleotide length, which very often encoded the germ line alanine (position 93).
Nonetheless, in this position nongerm line nucleotides encoding a glycine were also found
with high frequency (data not shown), as it has been described by Matsuura and colleagues
[9]. Importantly, human iINKT-TCRs also vary at this position resulting in different binding
capacities to CD1d [27].

AV14-AC RT-PCR, which detects TCRa chains containing AV14 gene segments, and, in
principle, any AJ gene segment, gave clear signals for both strains in all organs (Supporting
Information Fig. 1F). AV14-AC PCR products with a readable AJ18 signal were found only
in splenocytes and IHLs of F344 rats (data not shown). In F344 splenocytes, the AJ18
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sequence was superimposed with other sequences while the entire AV14-AC product from
IHLs was read as an iINKT-TCRa sequence (data not shown).

Cytokine secretion in response to a-GalCer stimulation

After antigen recognition, iINKT cells rapidly secrete vast amounts of many different
cytokines. Therefore, we cultured splenocytes and IHLs from F344 and LEW inbred rats for
24 h and subsequently, we analyzed IFN-y and IL-4 released into the culture supernatants
(Fig. 3A). Cells derived from F344 inbred rats secreted both I1L-4 and IFN-vy in a dose-
dependent manner after a-GalCer stimulation. This response was observed among F344
IHLs cultured at a cell density of 2.5 x 108 cells/ml. In order to detect such a response in the
spleen it was necessary to increase the cell density to 107 cells/ml. Cytokine production in
response to a-GalCer stimulation was dependent on CD1d since it was blocked by the anti-
rat CD1d mAb WTH-1. The supernatants of IHLs contained twice as much cytokines as
those of splenocytes, although the concentration of IHLs was four times lower than that of
splenocytes. This correlates well with the INKT cell frequencies determined by flow
cytometry.

In contrast to F344 inbred rats, LEW splenocytes or IHLs secreted no IL-4 or IFN-v after a-
GalCer stimulation, although Con A-induced cytokine release was similar to that of F344. A
spontaneous IFN-y secretion by LEW-derived IHLs was observed, which was not blocked
by the anti-rat CD1d mAb WTH-1. Primary cells derived from DA and BN rats also showed
a-GalCer-induced IL-4 and IFN-y production, which was abrogated by the WTH-1 mAb
(data not shown).

In addition, we addressed IL-4 release by primary cells in ELISPOT assays (Fig. 3B). IL-4-
secreting cells were found among F344 but not LEW IHLs and splenocytes cultured with a-
GalCer. The response was profoundly inhibited by anti-CD1d mAb and on a per cells basis,
a-GalCer-induced IL-4-secreting F344 splenocytes were eightfold less frequent than the
corresponding IHLs. These data correspond well with the IL-4 concentrations shown in Fig.
3A and the lower frequency of iINKT cells found in the spleen compared with that in the
liver (Supporting Information Table 1).

As a more direct test for cytokine production by iNKT cells, freshly isolated IHLs were
stimulated for 5 h with a-GalCer and subsequently were stained for intracellular IFN-y and
IL-4 (Fig. 3C). Due to down-regulation of TCR after activation, a reliable CD1d dimer
staining was not possible. Therefore PLZF was used as a surrogate marker for iNKT cells.
The mean frequency of IFN-y-positive INKT cells obtained from three independent
experiments is 29.1% with a SD of 3.65%. The numbers of IL-4-producing iNKT cells in
two experiments were 14.8 and 18.8%. In contrast, PLZF~ cells were not specifically stained
for IL-4 or IFN-y and no cytokine production was found in control cultures with the a-
GalCer solvent DMSO.

In vitro expansion of rat iINKT cells

We next sought to expand rat iNKT cells. Toward this goal, we cultured splenocytes of F344
inbred rats with a-GalCer. After 1 week, F344-derived iNKT cells expanded strikingly in
frequency. The expansion of about 40-fold in number, resulted in the cells being easily
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detected with rat a-GalCer-CD1d dimers (Fig. 4A, Supporting Information Table 3).
Moreover, using the supernatants of Con A-stimulated splenocytes as a source of T-cell
growth factor(s), a further 7 days of culture led to an approximately 400-fold expansion
(Fig. 4B, Supporting Information Table 3). All cells in the cultures stained by a-GalCer-
CD1d dimers express PLZF, but probably due to their low TCR expression levels, there are
some PLZF* cells that are not stained by a-GalCer-CD1d dimers. Therefore, iNKT cell
expansion from F344 splenocytes was calculated by identifying iNKT cells as PLZF* cells.
In contrast to F344, no iNKT cells were observed after 7 days of culture of LEW
splenocytes with a-GalCer. Importantly, mouse iNKT cells from C57BL/6 splenocytes did
not proliferate under these culture conditions (Fig. 4A). Interestingly, it has been shown that
human iNKT cells expand vigorously from PBMCs in short-term cultures (7 days) with a-
GalCer [28]. We also cultured primary IHLs from both rat strains under the same conditions
as splenocytes and observed even a greater expansion of F344 iNKT cells during the first
week of culture (80-fold expansion, Supporting Information, Table 3). No iNKT cells were
seen after culture of LEW IHLs (data not shown).

In order to analyze the phenotype of the expanded iNKT cells, we identified them as PLZF*
cells although in parallel, we also stained them with CD1d-dimers (Fig. 4C, Supporting
Information Table 3). In contrast to primary iNKT cells, after 14 days of culture most of the
expanded iNKT cells did not express NKR-P1A/B receptors and were DN. Furthermore,
only small fractions expressing CD4 or CD8a* were detected. So far, we cannot distinguish
whether this change in expression of surface molecules resulted from modulation of the
respective molecules, outgrowth of the DN population, or a combination of both.
Nonetheless, the usage of BV8S4A2 and BV 16-positive TCRs was very similar to that of
primary iNKT cells. The phenotype of iINKT cells identified with CD1d dimers was highly
similar to that of the PLZF* cells (Supporting Information Table 3).

We also addressed cytokine production by the expanded iNKT cells after stimulation with
PMA and ionomycin. We identified iNKT cells again as PLZF™ cells. Practically all
expanded iNKT cells produced IFN-y and most of them also secreted IL-4 (Fig. 5A). In
contrast, neither IL-10 nor IL-17 was detected (data not shown). The supernatants of the
cultures at days 7 and 14 also contained very high levels of IFN-y and IL-4 (Fig. 5B).
Furthermore, we analyzed cytokine release by different subsets of iINKT cells as defined by
CD4 and CD8a expression (Fig. 5C). Whereas we did not observe any differences for IL-4
release between these subsets, CD8a* iNKT cells appear to be the subset with the highest
potential to produce IFN-v, followed by DN and CD4" iNKT cells, respectively. Taking all
together, like in humans [6, 28], the small number of iNKT cells among primary cells could
be enormously expanded in cultures with a-GalCer and after expansion they produce very
high levels of cytokines.

The AV14 gene family and its organ distribution

Rats possess a multimember AV14 gene family, which has been divided into type 1 and type
2 genes on the basis of CDR2a differences [9, 11, 12]. The data on the rat genome deposited
in the NCBI database (derived from BN inbred rats) have been updated since the last
analysis carried out by Kinebuchi and Matsuura [11]. Therefore, we have reassessed the
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relevant databank entry and updated the nomenclature according to the actual genome
version. Fig. 1 of the Supporting Information contains the updated AV14 nomenclature and
further analyses including the identification of a new AV14 family member and information
about the AV14 and AJ18 recognition signal sequences.

In order to address the usage of the two different AV14 types in different organs of F344
and LEW rats, we analyzed the sequences obtained from the RT-PCR products described
above. Supporting Information Fig. 1 illustrates how we evaluated the data. Depending on
which nucleotide sequences appeared in the CDR2a regions, a type 1 versus type 2 ranking
was established and was illustrated with symbols “>” (Supporting Information Table 2).
First of all, with this technique we did not observe an organ-specific distribution of the
different types, but rather a differential usage by individual rats. In F344, there were no
remarkable differences in the AV14-type usage of TCRs containing only AJ18 compared
with that of TCRs, which contained diverse AJ gene segments (i.e., AV14-AC products of
thymus and spleen). Interestingly, in contrast to F344 inbred rats, which show a general
preference toward type 2 AV14 gene segments (taking all the data of the four analyzed
animals together), LEW inbred rats preferentially use type 1 AV14 gene segments.
Furthermore, we analyzed the AV14 usage of iNKT cells expanded for 14 days from
splenocytes cultured with a-GalCer (as described above). In three independent experiments,
a preferential usage of type 2 AV14 gene segments was found (data not shown). In summary,
we could not confirm an organ-specific distribution of the different AV14 types, but we
observed a differential usage among F344 and LEW rats.

Discussion

This study provides the first direct identification and ex vivo and in vitro characterization of
rat INKT cells, the description of a profound iNKT cell deficiency in the LEW rat strain and
an update on the rat AV14 multigene family as well as its proposed organ-specific usage.

Instrumental for the direct identification of rat iINKT cells was the use of syngeneic CD1d
dimers. Since a-GalCer-CD1d tetramers of the mouse and man bind to the iINKT-TCR of
either species and also of the INKT-TCR of pigs [1, 29], it was surprising that a-GalCer-
loaded mouse and human CD1d oligomers did not bind to rat INKT-TCR ([12], this paper
and own unpublished data). These results were initially unexpected due to the high
similarity of the predicted amino acid sequences of mouse, rat, and human CD1d, AV14,
and AJ18 [12,13]. Nonetheless, rats have two amino acids that are different from those
described to directly contribute to the recognition of a-GalCer/CD1d complexes by iTCRs
in human and mouse. One is located in the invariant TCRa chain (lysine at position 101)
and the other one in the CD1d (methionine at position 148) [12, 13, 30]. These differences
could be the reason for the lack of cross-reactivity between rats and mice similar as in the
case of Tupaia belangeri where a single amino acid substitution in CD1d prevents the
recognition of a-GalCer by the human iINKT-TCR [31]. Thus, a correlation between cross-
reactivity on the one hand and overall sequence similarity or phylogenetic relationship on
the other hand cannot be always assumed. Another surprising finding is that the lack of
cross-reactivity between mouse and rat is partially unidirectional since rat a-GalCer-CD1d
dimers still bound to a distinct population of about 50% of all mouse iNKT cells (Fig. 1).
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This demonstrates the unsuitability of using xenogeneic CD1d oligomers for the
identification of iNKT cells in another mammalian species, since it could mistakenly
identify only a fraction of iNKT cells as being the entire iNKT cell population.

The direct identification of INKT cells with rat CD1d dimers definitively demonstrated that
the co-expression of NKR-P1A/B and the TCR are not at all suitable surrogate markers for
iNKT cells in the rat. Therefore, previous studies where rat NKR-P1A/B+ ap T cells have
been considered as iINKT cells [19,21] should be interpreted with caution. Rat iNKT cells
are mostly DN or CD4* and a considerable fraction of CD8a™ cells was also detected, what
is similar to humans but different to mice. Since different iINKT cell subsets defined by the
differential expression of CD4, CD8, and NKR-P1 receptors have been shown to secrete
different cytokine profiles [1], it would be of interest to learn whether this is also the case of
primary rat iNKT cells. Indeed, we observed greater IFN-y production by expanded rat
CD8a* iNKT cells, compared with that of DN and CD4* iNKT cells, as it has been reported
for expanded human CD8a* iNKT cells [6].

The genetic basis for the low iINKT cell frequencies of F344 rats compared with that in mice
remains unclear. However, different expression levels of CD1d by thymocytes, which would
affect iINKT cell selection, can be excluded since thymocytes of both species have nearly
identical CD1d levels [13]. The same is true for the recognition signal sequences, which are
identical for all AV14 gene segments of mice and rats and for AJ18 genes differ in only two
nucleotides (Supporting Information Fig. 1E and data not shown). The low frequency of
iNKT cells probably explains the lack of a direct identification of thymic F344 iNKT cells.
Although frequencies of peripheral and thymic iNKT cells do not necessarily correlate [32],
an extrapolation from frequencies of C57BL/6 liver and thymic iNKT cells would predict
for F344 rats a frequency in the range of 0.01% of total thymocytes and 0.08% for CD8f-
pregated cells. In humans, gating of vehicle-CD1d stained cells into a “dump” channel has
been instrumental for better characterization of very low frequencies (about 0.01%) of
(thymic) iINKT cells [32]. So far, this approach is not feasible since in this study the rat
CD1d dimers used are detected with a secondary reagent (fluorochrome-labeled anti-mouse
Ig), which binds both vehicle and a-GalCer-loaded dimers. Nevertheless, the identification
of canonical INKT-TCRa sequences among AV14AJ18 PCR products clearly indicates the
existence of iNKT cells in the F344 thymus.

The differences observed in iINKT cell numbers between F344 and LEW rats in this study
are not completely understood, but cannot be accounted to strain-specific differences in the
amino acid sequence of the mature CD1d protein or its expression levels, which are identical
for both rat strains [13]. Nonetheless, since the first step necessary for the development of
iNKT cells is the rearrangement of the A14 and AJ18 gene segments, the lack of iNKT cells
in LEW inbred rats might be the consequence of a very inefficient production of iTCRa
chains by thymocytes. Furthermore, LEW and F344 rats do differ in their Tcrb haplotypes.
In particular, BV8S2 and BV8S4 are distinct in their CDR2f. Consequently, they could very
well affect INKT-TCR affinity and, thereby, iINKT cell development as well [12]. Our
observation of a type 2 AV14 dominance in iINKT and in non-iNKT cell rearrangements of
F344 and the type 1 bias in the iINKT cell-deficient LEW inbred rat strain prompts the
question of whether the type of AV14 usage could be connected with the impaired INKT
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cell development in these animals and whether AV14 type 1 or type 2-comprising iNKT cell
receptors may differ in antigen recognition. Based on thorough studies of many groups using
different techniques, the current view on iINKT-TCR/CD1d interaction is that the CDR2a,
which discriminates type 1 and type 2 AV14 genes, is not at all, or only very weakly,
involved in CD1d-restricted antigen recognition [30]. Whether this holds true for the rat still
needs to be shown, especially since own preliminary data obtained with a-GalCer-CD1d
dimers and iINKT-TCR transductants suggest that rat AV14 family members may indeed
differ in their CD1d/antigen-binding properties.

Our data on the F344 iNKT-TCR repertoire are fully consistent with the data from Matsuura
and colleagues who used molecular biology methods (RT-PCR and analysis of cDNA
libraries) to make predictions on frequencies and organ-specific distribution of rat INKT
cells, as well as on the proportion of canonical INKT-TCR rearrangements within AV14-
containing TCRs [9]. Nevertheless, we could not confirm the proposed organ specificity of
AV14 gene usage. It was not clear that Matsuura and colleagues analyzed several individual
animals. Therefore, it is possible that their different results were due to variability between
individual animals. Indeed, we found the proposed dominance of type 2 AV14 in spleen and
a nearly equal distribution of type 1 and type 2 in IHLs, but only in one of four F344 rats
(Supporting Information Table 2, animal 2).

The impossibility to detect iINKT cells in LEW rats is of particular interest since iNKT cells
have been linked to autoimmunity in humans and mouse models and the LEW strain is
widely used as model for organ-specific autoimmune diseases such as experimentally
induced encephalomyelitis, uveitis, and others. Importantly, the induction of these diseases
is not successful in F344 rats [24-26]. Therefore, the clear differences in iINKT-cell
frequencies between LEW and F344 rats (and probably between other inbred strains as well)
offer the opportunity to map loci controlling the different frequencies and link them (or not)
with known disease-associated loci, for example, controlling autoimmunity [24-26].
Moreover, the role of iINKT cells in the development of spontaneous type 1 autoimmune
diabetes is not clear [1]. Thus, an obvious candidate for the analysis of INKT cells are BB
inbred rats as they are, apart from NOD mice, the only animal model available for this
disease.

The observed similarities in the frequencies and phenotype of F344 rat iNKT cells compared
with those in the human already suggest that certain rat strains might result in valuable
models to study iNKT cells in disease. Indeed, the rather simple mode of in vitro expansion
is of special interest, since it opens the possibility of expanding and manipulating iNKT cells
in vitro and testing the functional properties of the cells after adoptive transfer. Such
possibilities are especially appealing in tumor models where the adoptive transfer of INKT
cells is already being tested in clinical trials [33], and also in the well-established rat models
of autoimmunity. The findings presented in this study should also be relevant for researchers
using rats to study obesity and/or inflammatory processes such as arteriosclerosis, where the
importance of iNKT cells has emerged over the last years [34,35]. Moreover, our results are
also of high relevance in the fields of pharmacology, physiology, and surgery in which the
rat is the major model organism and where iNKT cells have been ignored so far.
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Altogether, we hope that the current study will help and motivate researchers to analyze
iNKT cells in the rat model, which shows some promising similarities to humans, and we
anticipate that such studies will greatly enhance our understanding of iNKT-cell biology.

Materials and methods

Animals

F344/DuCrl and LEWI/Crl inbred rats and C57BL/6J/Crl inbred mice originally obtained
from Charles River were kept and bred in the animal facilities of the Institute for Virology
and Immunobiology, University of Wiirzburg, Wirzburg, Germany. The procedures for
performing animal experiments as well as animal care were in accordance with the
principles of the German law. Permission to keep and breed the animals was given by the
city of Wirzburg, Germany (OA/he-wa07.12.1987). All animals were maintained under
specific pathogen-free conditions and were used at 6-18 weeks of age.

Cell preparation

Thymocytes and splenocytes were prepared by mechanical disruption using a stainless steel
mesh. Erythrocytes were eliminated by lysis with TAC buffer (20 mM Tris, pH 7.2, and
0.82% NHACI). Rat and mouse IHLs were isolated as described previously [36].

Rat and mouse CD1d dimer production and loading with a-GalCer

Rat and mouse CD1d dimers were produced in our laboratory as previously described for
mouse CD1d dimer [37, 38]. Modifications such as the use of rat--2 microglobulin
transduced J558L cells for rat CD1d-dimer production and construction of the CD1d dimer
expression vectors have been performed as described in [36]. The dimers (at a final
concentration of 250 ng/ul) were loaded with 40x molar excess of a-GalCer in the presence
of 0.05% Triton X-100 for 16 to 24 h at 37°C. As previously shown by Porcelli and
colleagues [39], the presence of Triton X-100 was crucial for appropriate loading of a-
GalCer into the CD1d molecules. The vehicle used for dilution of a-GalCer was DMSO,
thus as control, the dimers were loaded only with the corresponding amount of DMSO.

Flow cytometry

Nonspecific binding of the Ab/dimers to mouse Fc receptors were blocked by incubating the
cells first with anti-mouse Fc receptor mAb (2.4G2). CD1d dimer stainings were carried out
at room temperature for 30 min with 1 pg of dimers (4 pl) per 100 pl of sample containing
up to 108 cells suspended in FACS buffer (PBS pH 7.4, BSA 0.1%, 0.01% NaNs). Bound
CD1d dimers were detected with a fluorophore-labeled donkey F(ab’), fragment anti-mouse
IgG (H+L) with minimal cross-reactivity to rat and other species serum proteins (Dianova),
referred hereafter as DaM. After incubation with DaM, nonspecific binding to the DaM Ab
was blocked with 1gG from mouse serum and subsequently other mAbs were added. Gating
out macrophages and DCs (CD11b/c: clone OX-42) and B cells (CD45RA: clone OX-33)
did not lead to an improvement of a-GalCer-CD1d versus vehicle-CD1d dimer staining.
Furthermore, the background staining observed with vehicle-CD1d dimers appeared to a
similar extent when mouse 1gG1 was used as control isotype matching antibody for CD1d-
dimers and also when the secondary reagent was used alone (Supporting Information Fig. 2).
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Cells were fixed for intracellular stainings with Foxp3 fixation/permeabilization buffers
(eBiosciences). Intracellular stainings were carried out in permeabilization buffer
(eBiosciences). Intracellular cytokine stainings were performed after stimulation with PMA
(10 ng/ml) and ionomycin (1000 ng/ml) during 5 h in the presence of GolgiPlug containing
Brefeldin A (BD Biosciences) for the last 2 h. Biotinylated antibodies were visualized with
streptavidin-allophycocyanin (BD Biosciences). Flow cytometry was conducted in a
FACSCalibur and samples were analyzed using FlowJo software (Tree Star).

Monoclonal antibodies

mAbs used in this study were purchased from BD Biosciences unless otherwise indicated.
These mAbs are anti-rat TCRp (R73 conjugated with FITC, PE, or biotin); mAb R78-biotin,
which recognizes BV8S2A1 or BV8S4A2-positive TCRp from the | (LEW inbred rat strain)
or a (F344 inbred rat strain) rat Tcrb haplotypes, respectively [10]; anti-rat BV16 (HIS42
was purified and biotinylated in our laboratory); anti-rat NKR-P1A/B (10/78-biotin). This
antibody and the widely used mAb 3.2.3 have originally been generated against NKR-P1A
but were found to bind the inhibitory NKR-P1B as well [18]; anti-rat CD4 (OX-35-Cy5-PE);
anti-rat CD8p (341-biotin); anti-rat CD8a, (G28-biotin); anti-mouse TCRp (H57-597-FITC
and -PE); anti-mouse CD8a (53-6.7-PerCP, Biolegend); anti-mouse CD19 (1D3-
allophycocyanin); anti-PLZF (Mags.21F7-AF488 produced and labeled by the Monoclonal
Antibody Core Facility of Memorial Sloan-Kettering Cancer Center); anti-rat IFN-y (DB-1-
PE from BD Biosciences and unconjugated from Serotec) and anti-rat IL-4 (OX-81-PE and
unconjugated); anti-mouse IL-17A (TCII-18H10-PE), which also binds rat 1L-17
specifically; and anti-rat IL-10 (A5-4-PE).

Cytokine release by primary cells after ex vivo stimulation

Primary cells were cultured in RPMI 1640 medium supplemented with 10% FCS, 1 mM
sodium pyruvate, 2.05 mM glutamine, 0.1 mM nonessential amino acids, 5 mM (-
mercaptoethanol, penicillin (100 U/ml), streptomycin (100 ug/ml), and 10 mM HEPES at
37°C with 5% CO5 and an H,O-saturated atmosphere. IL-4 and IFN-y release into the
supernatant was analyzed by ELISA with the commercially available rat IL-4 and IFN-y
ELISA kits (BD Biosciences). IL-4 secretion was also addressed by ELISPOT with the rat
IL-4 ELISPOT set from BD Biosciences following the recommendations of the
manufacturer. Primary cells at the indicated densities were cultured for 24 h in the presence
or absence various stimuli at the specified concentrations. a-GalCer (Alexis Biochemicals)
and B-GalCer (Galactocerobroside, Sigma) were dissolved in DMSO. The anti-CD1d mAb
WTH-1 [13] was added to the cultures 30 min before the addition of any stimuli. Spots were
analyzed and enumerated using the CTLImmunoSpot S5 Versa analyzer ELISPOT reader
and the ImmunoSpot 4.0 Software (both from CTL). Small spots (smaller than 0.096 mm?2)
obtained in cultures with medium only were considered nonspecific background and were
subtracted from all the samples.

In vitro expansion of iNKT cells

Single cell suspensions prepared from spleens and livers were plated at a density of 106 cells
per 1 ml of RPMI 1640 supplemented as aforementioned. Cells were cultured with 20 ng/ml
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a-GalCer during the first 7 days. During the second week, the cells were cultured with 10
ng/ml a-GalCer and 10% of T-cell growth factor-containing medium (supernatant from Con
A-stimulated rat splenocytes blocked with a-methylmannoside) usually adding fresh media
at day 13.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IHL
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Intrahepatic lymphocyte
CD4 and CD8 double negative
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Figure 1.

Identification of rat iINKT cells. IHLs derived from F344 inbred rats or C57BL/6 inbred
mice were analyzed by flow cytometry using rat and mouse CD1d dimers loaded with a-
GalCer or vehicle as control. Rat and mouse TCRp expression was also analyzed. The
secondary DaM Ab used to visualize the bound dimers also stained mouse 1gG-positive B
cells, thus these cells were excluded in the analysis of mouse IHLs by gating out CD19*
cells, which were 23% of all IHLs. Numbers indicate the percentages of the gated cells. The
data shown are representative of three independent experiments.
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Figure 2.
iNKT-cell characterization in F344 and LEW inbred rat strains. (A, B) Splenocytes and

IHLs derived from (A) F344 and (B) LEW inbred rats were stained with rat CD1d dimers
loaded with a-GalCer or vehicle as control, anti-TCRp, -CD4, and -CD8f mAbs and were
analyzed by flow cytometry. The number of cells included in the depicted gates per 100 000
lymphocytes is shown in brackets. (C) CD4, CD8a, NKR-P1A/B, and BV8S4A2 expression
on intrahepatic F344 rat iNKT (dot plots, top) and non-iNKT T cells (density plots, bottom)
was addressed by flow cytometry. The final percentages of the cells in the quadrants after
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substraction of the cells stained with control vehicle-CD1d dimers are shown in brackets.
(D) PLZF expression by F344 iNKT and non-iNKT T cells. IHLs were stained at the surface
with anti-TCRB mAb and a-GalCer-CD1d dimers and with anti-PLZF mAb intracellularly.
(E) PLZF expression and CD1d dimer binding analyzed among IHLs. Density blots show
total IHLs stained with anti-TCR and anti-PLZF mAb and the gating strategy used to create
the histograms shown on the right. IHLs were stained with a-GalCer-CD1d dimers (top) or
with vehicle-CD1d dimers (bottom). (F) PLZF expression by af T cells among F344
(density plot, top) and LEW IHLs (density plot, bottom). IHLs were stained at the surface
with anti-TCRp and anti-NKR-P1A/B mAbs and intracellularly with anti-PLZF mAb.
Shown are pregated TCRp-positive events. (G) Analysis of iNKT cells in the thymus.
Thymocytes from F344 and LEW rats and from C57BL/6 mice were stained with rat and
mouse CD1d dimers, anti-TCRp, and anti-CD8 mAbs and were analyzed by flow cytometry.
Total thymocytes are shown in the two upper rows whereas the two lower rows depict only
CD8™ thymocytes. In all mouse samples, B cells were excluded from the analysis by
pregating on CD19™ cells. (A-G) The data shown are representative of at least three
independent experiments except in (F) where the experiment shown was carried out once.
Values without brackets indicate the percentages of gated cells.
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Figure 3.
Cytokine release by F344- and LEW-derived primary cells in response to a-GalCer

stimulation. (A) IL-4 and IFN-y release into the supernatant was analyzed by ELISA after 24
h of stimulation of primary splenocytes (107 cells/ml) and IHLs (2.5 x 106 cells/ml) with the
indicated concentrations of a-GalCer, -GalCer or Con A in the absence (gray bars) or
presence of an anti-rat CD1d monoclonal antibody (WTH-1 at 3.6 pg/ml, white bars). Data
are shown as the mean + SD of results pooled from three independent experiments, each
experiment performed with cells derived from individual animals. Assays with splenocytes
performed in duplicate, assays with IHLs performed on single samples. (B) IL-4 secretion
by F344- and LEW-derived splenocytes (10° cells/well) and IHLs (2.5 x 105 cells/well)
addressed by ELISPOT after 24 h of culture with a-GalCer (10 ng/ml), -GalCer (10 ng/ml),
Con A (2 pg/ml), or in medium only. The cultures with a-GalCer and Con A were also
carried out in the presence of the anti-rat CD1d monoclonal antibody WTH-1 or an isotype-
matched control antibody at a final concentration of 5 ug/ml. Values indicate the number of
spots per well. (C) a-GalCer-induced cytokine production by PLZF* IHLs. 106 F344
IHLs/ml were cultured for 5 h with 100 ng/ml a-GalCer, adding GolgiPlug during the last 2
h. Control stainings were carried out incubating the samples with excess of the unconjugated
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anti-cytokine mAbs before the fluorochrome-labeled antibodies were added. Control
cultures adding only DMSO were carried out in parallel. Data shown are representative of
three (IFN-v) or two (IL-4) independent experiments. PLZF" cells were gated with help of
isotype-control stainings (not shown).
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Figure4.

Rapid in vitro expansion of iNKT cells from F344 inbred rats. (A) Flow cytometry analysis
after 7-day culture of splenocytes. Rat- and mouse-derived splenocytes were stained with rat
and mouse CD1d dimers, respectively. Mouse B cells, identified as CD19* cells, were
excluded from the analysis. (B) Expanded iNKT cells in 14-day cultures of F344-derived
splenocytes stained with rat CD1d dimers and anti-PLZF mAb. (C) Analysis of CD4, CD8B,
CD8a, NKR-P1A/B, BV8S4A2, and BV16 expression by PLZF* and PLZF~ T cells gated
as shown in (B) (PLZF and TCRp plot). The depicted data are from one of three similar
experiments.

Eur J Immunol. Author manuscript; available in PMC 2014 August 12.



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Monzon-Casanova et al. Page 22

PLZF—

SSC b

Cytokine production by expanded iNKT cells. (A) IL-4 and IFN-y production by expanded
iNKT cells (14-day cultures) studied by flow cytometry. iNKT cells were identified as
PLZF* cells. Control stainings were carried out incubating the samples with excess of the
unconjugated anti-cytokine mAbs before the fluorochrome-labeled antibodies were added.
Data shown are representative of three independent experiments. (B) Concentrations of IL-4
and INF-vy in the supernatant of F344 cultures with a-GalCer at days 7 and 14 were
determined by ELISA. The amounts of IFN-y and IL-4 contained in culture media
supplemented with 10% of Con A supernatant used in 14-day cultures were subtracted from
the values obtained in supernatants of expanded cells at day 14. Data are shown as the mean
+ SD of results pooled from three independent experiments, each performed in duplicate.
(C) IL-4 and IFN-vy production by DN, CD4*, and CD8a™ PLZF* cells. The density plots on
the left show the gating strategy. Control stainings of cytokines (filled histograms) were
carried out as in (A). The values obtained in four independent experiments are shown, each
experiment illustrated with different symbols (right). Means are shown by lines. *p < 0.05
and **p < 0.005, paired t-test.
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