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Summary

The cotton rat (Sigmodon hispidus) belongs to the rodent family of

Cricetidae and provides a powerful model to study the pathogenesis of

human respiratory viruses and measles virus. Recent studies in other

rodent models have suggested a role for invariant natural killer T (iNKT)

cells in antiviral immunity and vaccination against respiratory virus infec-

tions. Using new experimental tools, we provide the first evidence for a

functional CD1d cell molecule (crCD1d) and iNKT T-cell receptor in cot-

ton rats. The crCD1d cDNA sequence was identified and crCD1d trans-

ductants showed that monoclonal antibody WTH-2 stains crCD1d as

efficiently as mouse or rat CD1d. The expression of crCD1d was clearly

weaker for thymocytes and B cells, and higher for T cells, which is differ-

ent to what is found in murine species. The antigen-presenting capacity

of crCD1d was demonstrated with crCD1d–immunoglobulin dimers

loaded with the glycolipid PBS57, which bound iNKT T-cell receptors.

Evidence for functional cotton rat iNKT cells was provided by detection

of interferon-c and interleukin-4 in cultures of splenocytes stimulated

with PBS57 and a-galactosylceramide and by specific staining of about

0�2% of splenocytes with PBS57-loaded crCD1d dimers. Canonical AV14/

AJ18 rearrangements were identified and found to contain multiple mem-

bers of the AV14 (AV11) family. One of them was expressed and found

to bind CD1d dimers. In summary, these data provide the first evidence

for functional CD1d molecules and iNKT T-cell receptors in cotton rats

and provide the tools to analyse them both in the cotton rat model of

infectious diseases.
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Introduction

Hispid cotton rats (Sigmodon hispidus) are rodents native

to the south of the USA, Central America and the north

of South America and belong to the order Rodentia, fam-

ily Cricetidae, subfamily Sigmodontinae.1 The cotton rat

was first used in 1939 as an animal model for polio virus

infections.1 Subsequently, it was demonstrated that cotton

rats are susceptible to a large number of human

pathogens (including influenza virus, human parain-

fluenza virus, respiratory syncytial virus, human

metapneumovirus, measles virus2 and herpes simplex

virus1) and are used for pre-clinical testing of antiviral

reagents and vaccines for respiratory syncytial virus infec-

tion.1,3 The utility of the cotton rat model is based on its

susceptibility to human infectious pathogens but is some-

what tempered by the relative paucity of reagents com-

pared with mice and rats and by the lack of sequence

information on the cotton rat genome. The major goal of

this study was to develop tools for the analysis of invari-

ant natural killer T (iNKT) cells. Invariant NKT cells are

characterized by the expression of a semi-invariant ab T-

Abbreviations: aGC, a-galactosylceramide; cr, cotton rat; FBS, fetal bovine serum; IFN-c, interferon-c; IHL, intrahepatic lympho-
cyte; IL-2, interleukin-2; iNKT cells, invariant natural killer T cells; mAb, monoclonal antibody; RACE, rapid amplification of
cDNA ends; TCR, T-cell receptor
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cell receptor (TCR) comprised of AV14/AJ18 in rats and

mice (or AV24/AJ18 in humans) paired with a limited

number of b-chains such as BV8S2, BV7 and BV2 in mice

(BV11 in humans).4 Highly potent glycolipids, such as a-
galactosylceramide (aGC)5 and PBS57, are important

tools for iNKT cell research.6 a-Galactosylceramide and

other endogenous or exogenous iNKT-cell-stimulating

antigens are presented by CD1d, a member of the CD1

family. CD1 molecules are non-polymorphic glycopro-

teins that share structure and sequence homologies with

MHC class I molecules.7 The CD1 isoforms can be

divided into different groups, with group 1 containing

CD1a, CD1b and CD1c, group 2 containing CD1d, and

CD1e assigned to group 3.7 The latter facilitates the load-

ing of glycolipid antigens into CD1.8 Humans express all

CD1 isoforms whereas only CD1d is found in murid

rodents.9 Two isoforms of CD1d exist in mice, CD1d1

and CD1d2. CD1d2 is almost exclusively expressed on

thymocytes but at low levels.10 In contrast, rats possess

only one CD1d gene.11 CD1a–c present antigens to clon-

ally diverse sets of T cells and the CD1d molecule serves

as an antigen-presenting molecule to the NKT cell fam-

ily.7 Most NKT cells belong to the group of type I or

iNKT cells. In mice and rats, CD1d is constitutively

expressed by antigen-presenting cells, such as dendritic

cells, macrophages, and B cells (especially of the marginal

zone).12,13 Cortical thymocytes that are essential for the

development of iNKT cells,14 Kupffer cells and endothe-

lial cells lining liver sinusoids also express CD1d.15 After

activation, iNKT cells are considered to bridge innate and

adaptive immunity and are therefore involved in a num-

ber of conditions like microbial infections,16,17 autoim-

munity,18 allergies,19 and cancer.20 The iNKT cells can

have a protective role in these pathological states, or they

can aggravate or even cause the disease.21 They are also

known to contribute to control of virus infection. In

mice, stimulation of iNKT cells leads to improved immu-

nity against influenza virus infection. Invariant NKT cells

were found to improve influenza-specific responses and

to reduce suppression by myeloid-derived suppressor

cells.22 Through studies with CD1d�/� mice, iNKT cells

were also associated with an efficient CD8+ T-cell

response to respiratory syncytial virus infections.23

In this study, the sequence of cotton rat (cr) CD1d has

been determined and the expression of crCD1d on differ-

ent leucocyte populations was defined by the use of a

cross-reactive antibody (WTH-2). Glycolipid-loaded

crCD1d–immunoglobulin dimers have been generated

and were found to identify iNKT cells among cotton rat

splenocytes. Furthermore, sequences of functional iNKT

TCR-a-chains and of multiple members of the AV14 gene

family have been identified. Altogether, these findings

provide tools to address the role of CD1d and iNKT cells

in cotton rats infected with human viruses.

Materials and methods

Animals

Inbred hispid cotton rats (S. hispidus) and inbred C57BL/

6 mice (Harlan Laboratories, Indianapolis, IN) were used

at the age of 6–12 weeks. Animal use protocols were

approved by the Institutional Animal Care and Use Com-

mittee at the Ohio State University.

Primary cell preparation

Splenocytes, thymocytes and lymph node cells were pre-

pared by mechanical disruption of cotton rat or mouse

tissue through a 70-lm cell strainer (BD, Franklin Lakes,

NJ). Organs and primary cells were kept in PBS with

0�1% fetal bovine serum (FBS).

Amplification and sequencing of crCD1d and the AV14/
AJ18 rearrangement

The sequence of CD1d in the cotton rat was deter-

mined from cotton rat spleen cDNA (SuperScriptTM

First-Strand Synthesis Kit for RT-PCR; Invitrogen,

Carlsbad, CA) by PCR using Platinum� Taq DNA Poly-

merase (Invitrogen) with primers based on alignments

of hamster, mouse and rat CD1d sequences followed by

nested PCR (crCD1d forward: AACCAGCTTTACCAGG-

GACAT, crCD1d forward nested: GCCTGTGTGGGTG

ATGTGGA, crCD1d reverse: TCTCCAGCCTCCACATC-

CAG, crCD1d reverse nested: ATCCACATCACCCACA-

CAGG). The resulting partial sequence was used to

design primers for rapid amplification of cDNA ends

(RACE) -PCR to determine the upstream 50 and the

downstream 30 end (crCD1d RACE 50 reverse: ATTCT-

CAGAGTACACTTCACATCCTACA, crCD1d RACE 30

forward: AAGGCCATAAGCAATTGGTATGTCATGT).

The AV14/AJ18 rearrangement was sequenced following

the same strategy used for crCD1d. The first partial

sequence was amplified from cotton rat intrahepatic

lymphocyte (IHL) cDNA with primers based on

sequence alignments of human, rat and mouse. The 50

and 30 end was then amplified from RACE-ready spleen

cDNA with the following primers: crAV14 RACE 50

reverse: GCATCTTCATCCAGAGCTGCTGAGTATC, crA

C RACE 30 forward: AAGGCCATAAGCAATTGGTATGT
CATGT.

The GeneRacer Kit� with SuperScript III RT� (Invitro-

gen) was used according to the manufacturer’s instruc-

tions.

Alignments were calculated with the CLUSTAL OMEGA

software and the GenBank references of the sequences

used are as follows: crCD1d KM_267558, Chinese ham-

ster (Cricetulus griseus) XM_007644702.1, rat CD1d
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NM_017079.1, mouse CD1d NM_007639.3 and human

CD1d NM_001766.3. For the alignment of different iNKT

a-chains, accession numbers were as follows: cotton rat

KT367785, rat ABC69268.1, mouse AAA40180.1 and

human ABC72374.1. No published predicted or con-

firmed canonical rearrangement of AV14 and AJ18 was

available for Chinese hamster. Here, a rearrangement was

designed from genomic homologous sequences (AV14,

including signal peptide: NW_003615069.1, AJ18: NW_00

3614213.1, AC: NW_003614213.1). The coding sequence

of the Chinese hamster constant region was put together

using conserved splice acceptor and donor sequences to

predict splice sites.

Cloning of the AV14/AJ18 rearrangement and genomic
AV14

The cotton rat iNKT a-chain amplified from IHL cDNA

was subsequently cloned into pEGN vector using the

restriction sites 50 EcoRI and 30 BamHI (primers:

crAV14EcoRI_fwd: GGGCTAGAATTCAGTAGAACAA-

CAATGGAGAAG and crACBamHI_rev: ATGCGGATC

CTCAACTGGACCATAGCCGCAGCGTCATGAG). After

transformation of competent Escherichia coli, plasmid

DNA of 17 clones was prepared and sequences were anal-

ysed. The same strategy was applied for crAV14 from

gDNA (primers: crAV14_gDNA_EcoRI_fwd: GCAT-

GAATTCAGAGCCCCAAGTTCCTGACT and crAV14_gD

NA_BamHI_rev: GCATGGATCCGGCAGTGTCCTCAAA

CTGGG) and sequences from 20 clones were compared.

Alignments were calculated with CLUSTAL OMEGA.

Expression of iNKT TCRs containing cotton rat a-chains

The pEGN crAV14 clone 1 was used to retrovirally trans-

duce BW r/m CD28 mouse thymus hybridoma cells,

which are TCR-negative BW58 cells transduced with chi-

meric rat/mouse CD28.24,25 The b-chain used was a rat

BV8S4-like b-chain containing CDR2+4.24,26

CD1d expression in human lymphoblast cell line Raji

Cotton rat CD1d was cloned into pEGZ plasmid using

the restriction sites 50 SwaI and 30 BamHI, and CD1d was

expressed in Raji cells using retroviral transduction, as

described for rat and mouse CD1d.24,27 Raji crCD1d cells

were sorted on high green fluorescent protein (GFP)

expression and used for flow cytometry analysis.

Stimulation assays

For stimulation of hybridoma cells with CD1d dimers,

4 lg/ml of each, CD1d dimers and anti-rat CD28 mono-

clonal antibody (mAb) JJ319 (Exbio, Vestec, Czech

Republic) were diluted in PBS. PBS57-loaded and

unloaded dimers were combined to reach a total concen-

tration of 4 lg/ml. This resulted in the following compo-

sitions of PBS57-loaded/unloaded dimers: 4/0, 2/2, 1/3,

0�5/3�5, 0�25/3�75, 0�125/3�875 and 0/4 lg/ml. Anti-mouse

CD3e mAb (BD Pharmingen, San Diego, CA) together

with JJ319 (4 lg/ml each) was used as a positive control.

Fifty microlitres per well was used to coat wells of U-bot-

tom 96-well suspension culture plates and plates were

incubated at 4° overnight and afterwards washed three

times with PBS. Then, 5 9 104 rat iNKT TCR-expressing

mouse T-cell hybridoma cells, BW r/m CD28 EGN

rAV14 S6 93A S65T CDR2+4 L14V,24,28 were added in

RPMI-1640 medium [Gibco, Grand Island, NY; supple-

mented with 10% FBS, 1 mM sodium pyruvate, 0�05 mM

glutamine, 0�1 mM non-essential amino acids, 5 mM b-
mercaptoethanol, penicillin (100 U/ml), streptomycin

(100 lg/ml)], and cultured for 22 hr at 37° in 5% CO2.

Supernatants were analysed with a mouse interleukin-2

(IL-2) sandwich ELISA (BD OptEIATM mouse IL-2 ELISA

Kit).

Primary cell stimulations

Cotton rat splenocytes were prepared and 1 9 106 cells

per sample were used together with the respective amount

of glycolipid. The aGC (KRN7000, 50 lg/ml) or PBS57

(50 lg/ml) was used in 10-fold serial dilutions starting

from 100 to 0�1 ng/ml. Concanavalin A C201 type IV

(Sigma, St Louis, MO) was used as a positive control at

2 lg/ml and splenocytes cultured in media only served as

a negative control. The cells were cultured for 24 hr in

RPMI-1640 [supplemented with 10% FBS, 1 9 Penicillin/

Streptomycin (Gibco), 19 GlutaMAX (Gibco), and 5 mM

b-mercaptoethanol], using 96-well plates (U-bottom), at

37°, 5% CO2. Supernatants were analysed with cotton rat

interferon-c (IFN-c) and IL-4 ELISA (R&D Systems, Min-

neapolis, MN) undiluted, fivefold diluted or 25-fold

diluted.

Dimers

Cotton rat CD1d–murine IgG (mIgG) dimers were pro-

duced as previously described for mouse and rat CD1d

dimers.29–31 The extracellular domains of crCD1d were

cloned into pXIg vector with Platinum� Taq DNA Poly-

merase High Fidelity (Invitrogen) and primers contain-

ing restriction sites for MluI and XhoI, respectively

(pXIg 50 MluI forward: GGTCCACGCGTCGCAGCAAAA

GAATTCCACCTTC, pXIg 30 XhoI reverse: GGTCACTC-

GAGCCAATAGAGGATGATGTCTTGGT). Loading of

CD1d dimers was performed with a 40 9 molar excess

of aGC or its analogue PBS576 and 8% DMSO for

24 hr at 37° or as negative control with DMSO alone.
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Preparation of a mAb reactive with cotton rat Fc

The IgG was isolated from S. hispidus serum (a kind gift

from Kevin Yim, Sigmovir Biosystems, Rockville, MD)

by protein A chromatography. The purified IgG was

dialysed into PBS and digested with immobilized papain.

The Fc fraction was isolated on a protein A–agarose col-

umn and eluted with 0�1 M citrate buffer, pH 3�3. The
Fc-containing fractions were pooled, concentrated using

a 10 000 MW centrifugal filter, dialysed into PBS and

sterilized by filtration. Eight-week-old BALB/c female

mice received a subcutaneous injection (0�2 ml) of

10 lg of cotton rat Fc in 50% complete Freund’s adju-

vant. On days 16 and 56 the mice were injected with

5 lg of cotton rat Fc in 50% incomplete Freund’s adju-

vant. Three days before hybridoma formation, one

mouse received an intravenous injection of 2 lg of cot-

ton rat Fc in sterile PBS. Splenocytes from the immu-

nized mouse were fused with SP2/0 cells using standard

techniques. Hybridomas producing anti-Fc antibodies

were identified by ELISA using cotton rat Fc, IgM and

IgA as the target antigen. Positive cultures were

expanded, retested, cryopreserved and cloned. One clone,

identified as 14-106FF1 IF4, was further expanded and

grown in ExCell medium (Sigma; catalogue no. H4281)

supplemented with 4 mM L-glutamine and 0�1% FBS for

in vitro antibody production. The antibody was purified

using protein A chromatography and the purified anti-

body was sterilized by filtration.

Flow cytometry

Either 1 9 105 cells from a cell line or 5 9 105 primary

cells per sample were used for flow cytometry analysis.

All antibodies were used with appropriate isotype con-

trols. CD1d-specific antibodies were anti-rat/mouse

WTH-1 and WTH-227 and generated in the laboratory of

TH, and anti-mouse 1B1 phycoerythrin (PE)13 from Bec-

ton Dickinson (Franklin Lakes, NJ). Purified H2E-specific

anti-mouse/rat I-Ek mAb (14-4-4S; Affymetrix, Santa

Clara, CA) was used to stain MHC class II molecules with

a pre-adsorbed (10% normal cotton rat serum for 1 hr at

4°) F(ab0)2 fragment goat anti-mouse IgG (H+L) R-PE

(GaM R-PE) as secondary antibody (Jackson ImmunoRe-

search, West Grove, PA). A rabbit anti-cotton rat IgG

antibody (Virion Systems, Rockville, MD) was used to

stain IgG and was detected with a pre-adsorbed (10%

cotton rat serum for 1 hr) goat anti-rabbit IgG (H+L)
FITC secondary antibody (GaR FITC). CD3 stainings

were performed intracellularly with a rat anti-human

CD3e FITC mAb (clone CD3-12; AbD Serotech, Raleigh,

NC) using the LeucopermTM fixation and permeabiliza-

tion kit (AbD Serotech). CD1d dimer stainings were car-

ried out as previously described31 and a biotinylated

hamster anti-mouse CD3e antibody (145-2C11; BD

Pharmingen) was used to identify TCR expression of

TCR transductants. CD1d dimer staining of cotton rat

splenocytes followed the same protocol, using a different

secondary antibody (pre-adsorbed GaM R-PE) and anti-

human CD3 FITC.

Measurements were performed with a FACSCaliburTM

analyser and data was analysed with FLOWJO software. A

live gate on lymphocytes was used for the evaluation of

all samples. Cell sorting was performed with a FACS Aria

III cell sorter (BD Biosciences).

Results

To obtain the sequence of CD1d in the cotton rat,

nested PCR was performed on cDNA from cotton rat

splenocytes based on primers derived from an alignment

of human, mouse and rat CD1d sequences. The result-

ing partial sequence of cotton rat CD1d (crCD1d) was

used to design primers for the determination of the

upstream 50 and the downstream 30 end by RACE-PCR.

The complete coding sequence from four clones from

spleen and 10 clones from thymus was uniform and

was compared to the CD1d sequences of other species

(Fig. 1a). To determine the overall conservation of

crCD1d compared to human (huCD1d), mouse

(mCD1d), rat (rCD1d), and Chinese hamster (chCD1d),

the sequence identities were determined using align-

ments calculated with CLUSTAL OMEGA software. The

number of identical amino acids/nucleotides was divided

by the total length of the alignment, so taking gaps into

account, and the results were expressed as a rounded

percentage. The similarity of sequences between species

correlated with their evolutionary relationship. The

crCD1d shares an amino acid (nucleotide) homology of

71% (80%) with hamster CD1d, 69% (78%) with

mouse CD1d, 69% (76%) rat and 62% (73%) with

human CD1d (Fig. 1b). The transmembrane and intra-

cellular portion of CD1d was relatively diverse between

species with an amino acid homology of only around

30%. In contrast, the extracellular portion that binds

the antigen and interacts with the TCR was highly con-

served. We found no evidence for CD1 genes other than

CD1d in the cotton rat. The same is true for database

analysis of C. griseus and Mesocricetus auratus, both

members of the Cricetidae. Therefore, mouse CD1d and

human CD1a–e were used for a BLAST analysis of ham-

ster genomes. CD1d was the only homologue found in

those species, whereas in primates and other non-mur-

oid species CD1a, b, c and e homologues are found.

This suggests that the deletion of these homologues32

occurred at the latest during basal radiation of Muroi-

dea [to which Cricetidae (e.g. cotton rat and hamster)

and Muridae (e.g. mouse and rat) belong] between 24�5
and 25�9 million years ago.33
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Identification of mAbs reactive with crCD1d

Different mAbs specific for mouse and rat CD1d were

tested for cross-reactivity with crCD1d. For this purpose,

the mouse anti-rat mAbs WTH-1 and WTH-2, as well as

the rat anti-mouse mAb 1B1, were tested.27,34 WTH-1

and WTH-2 were produced from B-cell hybridomas

derived from CD1d-deficient mice immunized with rat

CD1d-transfected cells and bind to mouse and rat CD1d

with the same avidity,27,34 whereas 1B1 mAb binds only

mouse CD1d.12 The three mAbs were used to stain the

human B-cell lymphoma Raji, transduced with CD1d of

mouse, rat, or cotton rat using a vector with enhanced

GFP (EGFP) expressed 30 of an internal ribosomal entry

site. Hence, EGFP expression correlated directly with

CD1d expression. To directly compare the avidity of the

mAbs for the different CD1d molecules, the cells were

stained with WTH-1, WTH-2 or 1B1. The cells were then

analysed and the depicted histograms were generated

from cells of the same EGFP intensity (Fig. 2). Staining

with WTH-1 mAb confirmed equal recognition of this

mAb for cell surface-expressed CD1d of either mouse or
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Figure 1. CD1d amino acid sequence alignment of different species. (a) Cotton rat CD1d (Sigmodon hispidus: KM_267558) was compared to

Chinese hamster (Cricetulus griseus, GenBank: XM_007644702.1), rat (GenBank: KM_267558), mouse (GenBank: NM_007639.3), and human

CD1d (GenBank: NM_001766.3). The alignment was calculated with CLUSTAL OMEGA. Dots indicate identical amino acids, dashes indicate gaps,

and asterisks indicate stop codons. The different regions are depicted in this order: signal peptide, extracellular regions a1, a2, a3 and transmem-

brane/intracellular regions. (b) Identical nucleotides or amino acids were counted and the overall identity was calculated as the ratio of identical

nucleotides/amino acids to the length of the alignment, therefore including gaps, and are given in rounded percentages.
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rat,27 whereas crCD1d could not be detected. WTH-2

stained crCD1d with the same intensity as mouse and rat

CD1d. This identical staining intensity for the different

species was also found for lower, non-saturating concen-

trations of the mAb. As expected, 1B1 bound to mouse

but not rat CD1d whereas staining intensity of crCD1d

was about 15 times lower than for mouse CD1d. In sum-

mary, WTH-2 stains crCD1d with the same intensity as

mouse and rat CD1d and can be used to directly compare

CD1d expression levels between these species.

Organ-specific CD1d expression in cotton rat primary
cells

CD1d is constitutively expressed on haematopoietic cells

of rats and mice,25 and the pattern and level of expression

are remarkably similar in LEW rats and C57BL/6 mice.

However, crCD1d expression patterns and levels deter-

mined with mAb WTH-2 differ considerably from those

observed in mice (Fig. 3a). In accordance with previous

studies,27 mice constitutively expressed CD1d at approxi-

mately the same levels in thymus, lymph nodes and

spleen. When comparing CD1d expression in mice and

cotton rats, the expression pattern was most similar for

thymus, where a rather homogeneous CD1d expression is

seen in both species, but staining intensity in cotton rat

was only 20–25% of what is seen in mouse. CD1d expres-

sion in lymph nodes of C57BL/6 mice was also rather

homogenous, whereas in cotton rat a small CD1d-nega-

tive population (< 10%) and two positive populations

were found. Of the two positive populations, one (about

30% of all cells) expressed less CD1d than mouse lym-

phocytes, and one population (almost 60% of total cells)

more than mouse lymphocytes. CD1d expression in

mouse spleen was homogeneous with the exception of a

small population of CD1d very high cells (3%) (foothill

in histogram of C57BL/6 spleen), which consists mainly

of marginal zone B cells.27 In the cotton rat spleen, a

small population of CD1d-negative cells (< 10%) and

two larger populations of CD1d intermediate (38%) and

high cells (40%) were found. Additionally, similar to

mouse spleen, a foothill of CD1d very high cells (12%)

could be seen, which might also contain marginal zone B

cells. This assumption is supported by the fact that this

small peak of the histogram does not occur in lymph

node stainings.

Two distinct CD1d expressing populations in cotton

rats were further characterized by antibodies against

CD3e, MHC class II (14-4-4S, specific for H2E and

RT1D), and crIgG (Fig. 3b). Cells expressing high levels

of CD1d (as shown by WTH-2 staining) were mostly

CD3 positive whereas almost all CD3-negative cells

expressed CD1d at lower levels. The opposite was true for

MHC II and crIgG stainings, where CD1d high cells did

not express MHC II or crIgG. Evidently, cotton rat T cells

express higher levels of CD1d than non-T cells. This is in

stark contrast to the lower CD1d expression of CD3-posi-

tive cells compared with CD3-negative cells of rat and

mouse.27 In conclusion, the expression patterns of CD1d

in cotton rats are therefore remarkably different from rats

and mice.

Cotton rat CD1d presents glycolipids and binds iNKT
TCR

In contrast to mouse, rat and human CD1d, bovine

CD1d was found to lack the capacity to present typical

iNKT TCR ligands such as aGC.35 To test the capacity of

crCD1d to present glycolipids and to bind to iNKT TCR,

crCD1d dimers were produced. For this purpose, the

extracellular domains of crCD1d were cloned into the

pXIg vector that contains a mIgG heavy chain,36 and

transfected into J558L cells, which express a k light

chain.36 J558L cell clones were then selected for high pro-

duction of crCD1d–mIgG fusion proteins with a mouse

IgG-specific ELISA.36 The purified and concentrated

dimers were loaded with PBS57 as an antigen or incu-

bated with DMSO as a negative control.6 To test whether

the CD1d molecule in cotton rats is able to present gly-

colipids to iNKT cells, a stimulation assay was performed

with mouse T-cell hybridoma cells expressing a trans-

fected rat iNKT TCR. This cell line was cultured in the

presence of immobilized rat or cotton rat CD1d–mIgG

dimers PBS57-loaded/unloaded and an anti-CD28 anti-

body (Fig. 4a). As shown in Fig. 4(a), PBS57-loaded

CD1d dimers induce IL-2 production of the responder

cells in a concentration-dependent manner, whereas

unloaded dimers alone did not stimulate IL-2 secretion.

The CD1d–mIgG dimers were also used to stain the same

iNKT TCR transductant in a flow cytometry assay

(Fig. 4b). Vehicle-loaded dimers were used as a negative

control and rat CD1d–mIgG dimers served as a positive

control. In comparison to rat CD1d dimers, crCD1d
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Figure 2. WTH-2 and 1B1 but not WTH-1 monoclonal CD1d anti-

bodies can be used to stain cotton rat CD1d. Representative data

from one of two experiments in total are shown. The biotinylated

monoclonal mouse anti-rat antibodies WTH-1 and WTH-2 (each

125 ng/ml), detected with streptavidin-allophycocyanin, and rat anti-

mouse 1B1 phycoerythrin (2 lg/ml) were used to stain Raji cells

transduced with rat, mouse, or cotton rat CD1d. Staining intensities

are compared to isotype controls.
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bound with the same or slightly higher affinity while gen-

erating less background staining.

Cotton rat splenocytes produce cytokines in response
to typical iNKT cell antigens

A hallmark of iNKT cells is the strong production of

IFN-c and IL-4 in response to typical antigens such as

the glycolipids aGC and PBS57. Primary splenocytes were

stimulated with aGC or PBS57 for 24 hr and IFN-c and

IL-4 production was measured with an ELISA (Fig. 5a).

Both glycolipids induced a dose-dependent production of

both cytokines. Induction of cytokines in vivo was also

tested. Upon intraperitoneal injection of KRN7000

(0�1 lg/g bodyweight) of two groups of five cotton rats

each, no increased serum levels of IL-4 and IFN-c could

be detected after 2, 4 and 6 hr.

Detection of cotton rat iNKT cells in primary cells
with crCD1d dimers

To extend our studies to potentially detect iNKT cells

ex vivo we used crCD1d dimers to identify a possible

iNKT cell population in cotton rat splenocytes (Fig. 5b).

These dimers were detected with a secondary antibody

and a double staining with anti-CD3 mAb was used to

identify T cells and subsequently CD3-positive, CD1d

dimer-positive iNKT cells. A small population of 0�28%
of live cells (vehicle control versus antigen-loaded dimers)

was detected via indirect staining with CD1d dimers in

one experiment and mean iNKT cell frequency of

0�23% � 0�05 from three experiments in total could be

calculated. Cross-reactivity of rat CD1d dimers with cot-

ton rat cells was observed; however, there was a less pro-

nounced background staining with crCD1d dimers

compared with stainings with rat dimers (data not

shown).

Canonical AV14/AJ18 rearrangements in the cotton
rat

The cotton rat AV14/AJ18 rearrangement was obtained

using the same strategy applied to crCD1d. In F344 rats,

iNKT cells are more frequent in the liver than the

spleen,31 therefore, IHL cDNA was used for the initial

amplification of a partial sequence of this a-chain. The 50

and 30 end was then obtained using the RACE-PCR pro-

tocol. The overall conservation of the cotton rat iNKT

rearrangement was determined using CLUSTAL OMEGA to

calculate an alignment with Chinese hamster, rat, mouse

and human canonical rearrangements (Fig. 6a). The

CDR1–3 region and the hypervariable region 4 (HV4) are
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Figure 3. Organ-specific CD1d expression in

cotton rat primary cells. (a) Representative

data for a total of three experiments are

shown. Cells (5 9 105) isolated from mouse

tissue or cotton rat tissues were stained with

the monoclonal antibody (mAb) WTH-2 FITC

(2 lg/ml) or an isotype control. Geometric

means of isotype control (tinted grey) or

CD1d staining (black) are indicated in each

graph. Geometric means of different expression

levels (cotton rat lymph node and spleen) are

additionally indicated below the histogram. (b)

Primary cells (5 9 105) where stained with

biotinylated WTH-2 (3�6 lg/ml) and antibod-

ies against CD3 (2 lg/ml), MHC class II

(5 lg/ml, GaM R-PE) and cotton rat IgG

(10 lg/ml, GaR FITC). WTH-2 positive cells

from cotton rat spleen and lymph node were

divided into low and high expression and

CD3, MHC class II and cotton rat IgG expres-

sion of those two populations are compared in

histograms. Representative data for two inde-

pendent experiments are shown.
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based on published data and indicated in the alignment.28

The number of identical amino acids/nucleotides was

divided by the total length of the alignment, so taking

gaps into account, and the results were expressed as a

percentage. Comparable to the sequence analysis of

CD1d, the cotton rat AV14/AJ18 rearrangement shared an

amino acid (nucleotide) homology of 80% (86%) with

the predicted hamster rearrangement, 75% (83%)

with rat, 74% (82%) with mouse and only 66% (75%)

with the homologous human rearrangement (Fig. 6b).

However, the human AV14 shows 65% amino acid iden-

tity with cotton rat AV14, which is comparable to rodents

(rat: 65% and mouse: 68%) and AJ18 is even more con-

served between species.

Cotton rats possess multiple AV14 family members

To address the question whether cotton rats, like rats,

possess multiple AV14-family members, cloning and

sequencing of AV14/AJ18 rearrangements on mRNA level

and AV14 on genomic level were performed. Cloning and

sequencing of a-chains obtained from cotton rat IHL

cDNA resulted in the discovery of six different members

of the AV14-family on the genomic levels and three dif-

ferent cDNAs corresponding each to a genomic rear-

rangement (Fig. 7a). The transcribed AV14-family

members of the cotton rat show differences in the CDR1,

CDR2, hypervariable region 4 and at position 78 of

AV14. Functionality of one family member (pEGN

crAV14 clone 1) could be shown by staining of iNKT

TCR transductants with crCD1d–immunoglobulin dimers

(Fig. 4b).

Discussion

The glycolipid antigen-presenting molecule CD1d was

cloned from cotton rat tissue and analysed for tissue

expression and functionality. Nucleotide and amino acid

sequences were clearly more similar to those of rodents

than of humans. According to Steppan et al., the split

between the murid and cricetid groups containing rat and

mice or hamster and cotton rat, respectively, happened

about 23�3–24�9 million years ago, whereas the split

between the Arvicolinae-Cricetinae (hamster) and Sig-

modontineae-Netominae (cotton rat) occurred 18�7–19�6
million years ago. Consistent with this timeline, the over-

all similarity between CD1d of hamster and cotton rat

was slightly higher than between cotton rat and rats or

mice, respectively. The cloned CD1d gene was expressed

in human B-cell lymphoma. Staining revealed a slight

cross-reactivity to crCD1d with the rat anti-mouse CD1d

mAb 1B1. WTH-1 and WTH-2 antibodies generated in

CD1d knock-out mice reacted quite differently. WTH-1

mAb did not bind to crCD1d at all but readily detected

rat and mouse CD1d, which is consistent with the loca-

tion of the WTH-1 epitope in the loop linking the a1
and a2 domains.27 The aspartic acid at positions 92 of rat

or 93 of mouse CD1d is especially important for the

binding to WTH-1. This aspartic acid is replaced by a

histidine in cotton rat CD1d. As this substitution is not

found for hamster, it might be interesting to test WTH-1

reactivity in this species, although differences in adjacent

amino acids could also affect WTH-1 reactivity. The

WTH-2 epitope of mouse and rat is not yet mapped but

it appears to be conserved because this mAb binds CD1d
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Figure 4. Cotton rat (cr) CD1d presents glycolipids and binds invariant natural killer T (iNKT) T-cell receptor (TCR). (a) CD1d dimers loaded

with the glycolipid PBS57 were diluted with CD1d vehicle-loaded dimers (DMSO) to CD1d : PBS57 concentrations of 4, 2, 1, 0�5, 0�25, 0�125
and 0 lg/ml. Monoclonal antibody (mAb) anti-mouse CD3 was used as a positive control (4 lg/ml) and anti-rat CD28 mAb (4 lg/ml) was

added to every sample. The dilutions were coated on a 96-well plate overnight. Cells (5 9 104) expressing a rat iNKT TCR were added and the

stimulation assay was cultured for 22 hr. Supernatants were analysed by measuring mouse interleukin-2 (IL-2) by ELISA. The results were calcu-

lated as a percentage of the IL-2 production following stimulation with anti-mouse CD3. Three independent experiments were carried out in

total, mean + SD were calculated with GRAPHPAD PRISM. (b) crCD1d dimers loaded with PBS57 (4 lg/ml, black) were used to stain cells express-

ing rat iNKT TCR and detected with donkey anti-mouse secondary antibody. Dimers loaded with the vehicle DMSO (grey) served as a negative

control. Geometric means are as follows: rat CD1d : DMSO 17, rat CD1d : PBS57 851, crCD1d : DMSO 4, crCD1d : PB57 1192. The staining is

representative for three experiments. (c) The iNKT a-chain 1 (pEGN crAV14 clone 1) was used to transduce mouse BW cells, together with a rat
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body. Loading with the vehicle DMSO (tinted grey) served as a negative control. Geometric means are as follows: crCD1d : DMSO 3,

crCD1d : PBS57 138. The staining is representative for three experiments.
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of mouse, rat and cotton rat equally well and it will be

worthwhile to test its reactivity for other rodent species.

CD1d cell surface expression of cells from lymphoid

organs was analysed with mAb WTH-2. Occurrence of

CD1 genes and their expression differ considerably

between species. This may in part reflect the fact that spe-

cialized CD1 molecules bind distinct antigens and present

them to different T-cell populations. Furthermore, so far

unknown functions beyond antigen presentation are likely

to exist, given some unique patterns of expression such as

the massive expression of CD1d in exocrine acinar cells

of rats.27 With respect to CD1d, expression on

haematopoietic cells also shows some differences between

distantly related species such as mouse and rat on the

one hand and humans on the other, but between murine

species it appears to be nearly identical.27 As suggested

above, cotton rats likely possess CD1d but no other mem-

bers of the CD1 family. Therefore, it is especially interest-

ing to discuss possible functional consequences of

differences in CD1d expression between haematopoietic

cell populations of rat and mouse versus cotton rat. In

the case of thymocytes, the expression of CD1d was con-

siderably lower than in mouse and rat. As iNKT cells are

positively selected on immature thymocytes and TCR

avidity affects selection and functionality of the emerging

iNKT cells, it will be interesting to learn whether this

somewhat lower expression results in a different affinity

or density of cotton rat iNKT TCR or unique functional

features of cotton rat iNKT cells. The same applies to dif-

ferent expression levels of B and T lymphocytes as well as

the cross-talk of iNKT cells with these cells. The produc-

tion of crCD1d dimers allowed us to test the functionality

of crCD1d in terms of binding and presentation of typical

iNKT TCR antigens. In both instances, crCD1d was

clearly functional, as loading of CD1d with a classical

iNKT TCR antigen leads to binding to iNKT TCR trans-

ductants and activation of these cells. A cotton rat TCR

a-chain with a typical iNKT TCR a-chain rearrangement

was cloned and expressed together with rat and mouse b-
chains (unpublished data) and was found to bind aGC-
loaded crCD1d dimers, corroborating the existence of

canonical iNKT TCR in cotton rat and the specificity of

crCD1d dimers. Cloning and sequencing of a-chains
obtained from cotton rat IHL cDNA resulted in the dis-

covery of six different members of the AV14-family on

the genomic DNA level and three different cDNAs corre-

sponding each to a genomic rearrangement, showing that

occurrence and use of multiple AV14-family members by

rat iNKT TCR28,31,37,38 is not a peculiarity of rat iNKT

TCR. In some rearrangements glycine 93 or valine 92

were substituted by valine or alanine, respectively. This is

analogous to substitutions that, in rat and mouse, respec-

tively, were found to affect ligand binding.28,39 Further-

more, the cytokine production of splenocytes in response

to typical iNKT cell antigens such as aGC and PBS57

indicates the existence of a typical iNKT cell population

in this species. The levels of IFN-c were about 100-fold

higher and for IL-4 twice as high as levels in F344 rats.31

This may in part reflect the higher iNKT cell frequency,

which is about 10-fold compared with F344 rats but it

may also be the result of indirect effects, especially in the

case of IFN-c, which may have been produced by NK

cells after activation by iNKT cells.40 However, no IL-4

and IFN-c could be detected in the serum of cotton rats
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Figure 5. Cotton rat splenocytes produce cytokines in response to

typical glycolipid antigens and invariant natural killer T (iNKT) cells

can be detected with cotton rat (cr) CD1d dimers. (a) Splenocytes

(1 9 106) were stimulated with different concentrations of the gly-

colipids a-galactosylceramide (aGC) or PBS57 ranging from 100 to

0�1 ng/ml. Media was used as a negative control, 2 lg/ml con-

canavalin A as positive control. Stimulations were carried out in

duplicates and cytokine production was measured with cotton rat

interferon-c (IFN-c) and interleukin-4 (IL-4) ELISA. Three experi-

ments were carried out in total and mean + SD were calculated

using GRAPHPAD PRISM. Statistical analysis is indicated above columns

in comparison to negative control as ns: P > 0�05,*P < 0�05,
**P < 0�005, ***P < 0�0005, unpaired Student’s t-test. (b) Splenocytes

were stained with antigen-loaded or control crCD1d dimers (de-

tected with GaM R-PE) followed by intracellular staining of CD3.

Gates on CD3-positive, crCD1d-dimer-positive cells were set to indi-

cate NKT cells. The experiment is representative for three individual

experiments, the overall frequency of iNKT cells was 0�23% � 0�05.

ª 2015 John Wiley & Sons Ltd, Immunology, 146, 618–629626

A. S. Fichtner et al.



Signal peptide

Signal peptide

NT AA NT AA NT AA NT AA NT AA

86% 80% 92% 90% 85% 78% 83% 86% 85% 79%

83% 75% 87% 81% 78% 65% 84% 90% 83% 79%

82% 74% 86% 81% 80% 68% 83% 76% 82% 76%

75% 66% 70% 52% 77% 65% 83% 81% 74% 66%

AV14 AJ18 Constant region

80

180

AV14/AJ18

210 240

*
*
*
*
*

100 120 140 160

AJ18 AC

CDR3

(a)

(b)

0

AV14

20 CDR1 CDR2 HV440 60

Cotton rat
Hamster
Rat
Mouse
Human

Cotton rat
Hamster
Rat
Mouse
Human

Cotton rat

Cotton rat
iNKT α-chain 1 to

α-chain

Hamster
Rat
Mouse
Human

Hamster

Rat

Mouse

Human

Figure 6. Invariant natural killer T (iNKT) a-chain amino acid sequence alignment of different species. (a) A cotton rat a-chain (pEGN crAV14

clone 1, GenBank: KT367785) was compared to Chinese hamster (Cricetulus griseus designed from genomic sequences, GenBank:

NW_003615069.1 and NW_003614213.1), rat (GenBank: ABC69268.1), mouse (GenBank: AAA40180.1), and human a-chains (GenBank:

ABC72374.1). The alignment was calculated with CLUSTAL OMEGA. Dots indicate identical amino acids, dashes indicate gaps, and asterisks indicate

stop codons. The different regions are indicated and depict the signal peptide, AV14, AJ18 and the constant region of the T-cell receptor a-chain,
in this order. The regions of CDR1, CDR2, hypervariable region 4 (HV4), and CDR3 are underlined in the top row of the alignment.

cDNA 1

AV14

20 CDR1 CDR240 60 HV4

AJ18

CDR3 10080

cDNA 2

cDNA 3

cDNA 2 92A

cDNA 1 93V
gDNA 1

gDNA 2

gDNA 3
gDNA 4
gDNA 5
gDNA 6

Figure 7. Cotton rats possess multiple AV14-family members with canonical invariant natural killer T (iNKT) T-cell receptor (TCR) rearrange-

ments. (a) Cloning of intrahepatic lymphocyte iNKT TCR a-chains amplified from cDNA into pEGN was used to identify different AV14-family

members. The alignment was calculated with CLUSTAL OMEGA. Dots indicate identical amino acids. The different regions are indicated and depict

the protein sequences of AV14 and the first part of AJ18. The CDR1–3 regions and hypervariable region 4 (HV4) are underlined in the top row

of the alignment. The frequencies of the different members in the pool of sequenced clones were as follows: cDNA1 5/17, cDNA1 93V 1/17,

gDNA1 2/20, cDNA2 3/17, cDNA2 92A 1/17, gDNA2 4/20, cDNA3 7/17, gDNA3 1/20, gDNA4 8/20, gDNA5 2/20, gDNA6 3/20.

ª 2015 John Wiley & Sons Ltd, Immunology, 146, 618–629 627

CD1d and iNKT TCR in the cotton rat

http://www.ncbi.nlm.nih.gov/nuccore/KT367785
http://www.ncbi.nlm.nih.gov/nuccore/NW_003615069
http://www.ncbi.nlm.nih.gov/nuccore/NW_003614213
http://www.ncbi.nlm.nih.gov/nuccore/ABC69268.1
http://www.ncbi.nlm.nih.gov/nuccore/AAA40180.1
http://www.ncbi.nlm.nih.gov/nuccore/ABC72374.1


injected intraperitoneally with aGC. This lack of response

resembles clinical data, where no increased serum levels

of IL-4 were detected after intravenous injection of esca-

lating doses of KRN7000, a synthetic aGC, and increased

serum-IFN-c was detected for only one of ten patients

with cancer who had high iNKT cell numbers before

treatment.41 This increase was found only at a single

time-point (8 hr) out of seven time-points within the

first 2 days after drug administration. Hence, the lack of

a strong systemic serum IFN-c response, which is differ-

ent to what has been found in mice,42,43 might make cot-

ton rats an especially suitable model to test iNKT cell

action, e.g. in vaccination against human pathogens.

In summary, the results and reagents presented in this

paper should prove to be valuable in further analysis of

cotton rat immune function, especially when analysing

the complex function of iNKT cells in infectious disease

models. In the mouse, a role of iNKT cells has been

demonstrated for infections such as influenza and hepati-

tis B virus infection. In the cotton rat, these studies could

be extended to a variety of human respiratory viruses so

combining the natural susceptibility of this species with

our novel reagents for iNKT cell analysis.
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