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Abstract
The combined phenotypic expression of CD11clow B220+ CD122+ DX5+ has been used to define a
novel cell type, termed interferon-producing killer dendritic cells (IKDC). IKDC readily produce
IFN-γ and demonstrate spontaneous cytotoxic activity towards tumors, suggesting that a modulation
of IKDC number may be beneficial in cancer treatment. We examined various mouse strains and
found that IKDC number was highly variable between the different strains. A linkage analysis
associated the distal arm of chromosome 7 with variations in IKDC number. The genetic contribution
of chromosome 7 to the regulation of IKDC number was confirmed through the use of congenic
mice. We further demonstrate that IKDC proportion is regulated by intrinsic hematopoietic factors.
We discuss the role of various candidate genes in the regulation of this newly described cell type and
its implication in therapy.
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Introduction
The idea of a dendritic cell type able to trigger cytotoxicity towards MHC-deficient cells and
provide antigen presentation to T cells was first presented over ten years ago in a rat model
(1). More recently, two groups clearly identified a cell type carrying phenotypic and functional
properties of both NK cell and plasmacytoid dendritic cells (pDC), which was termed
interferon-producing killer dendritic cells (IKDC) (2,3). On the one hand, as for NK cells,
IKDC express various NK cell surface markers such as DX5, are able to mediate cytolysis of
MHC class I deficient target cells and produce vast amounts of IFN-γ (4). On the other hand,
as for pDC, IKDC can be distinguished according to CD11clow B220+ expression and are able
to induce T cell proliferation (2). IKDC were thus suggested to provide a direct bridge between
innate and adaptive immunity through their ability to mediate both cytolysis and antigen-
presentation. However, the term “IKDC” has stimulated a debate regarding the lineage
relationship of this cell type to DC. Indeed, it was recently demonstrated that IKDC share more
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similarity with NK cells than DC (4-7). One group proposes that IKDC are merely activated
NK cells (7). Regardless, recent evidence suggests that IKDC are indeed a cell type distinct
from NK cells. Firstly, their bone marrow differentiation proceeds through a unique pathway
(8). Secondly, their ability to respond to IL-15 through trans-presentation differs from NK
cells (9). Finally, their transcriptional profile, although more similar to NK cells than DC, is
clearly distinct from the former (10). Thus, although IKDC may be more closely related to NK
cells than DC, they appear to define a distinct subset. For simplicity, we have opted to use
“IKDC” to describe the CD11cintB220+DX5+CD122+ phenotype. Further characterization of
this phenotype will be required to delineate the relationship between NK and IKDC.

Notwithstanding, the contribution of IKDC in tumor clearance has been clearly observed in
various systems. Indeed, IKDC contribute to tumour immunosurveillance via secretion of high
levels of IFN-γ and TRAIL-dependent lysis of tumor cells (3,11). Therefore, modulating IKDC
number may be beneficial in cancer treatment. This prompted us to examine the regulation of
IKDC number. We found that each mouse strains carried a set number of IKDC. However, this
number was highly variable between strains, where NOD and B10.Br mice respectively showed
the lowest and highest proportion of IKDC. A linkage analysis of F2 generation mice from a
B10.Br to NOD outcross associated the regulation of IKDC number to the distal arm of
chromosome 7. Moreover, we demonstrate that IKDC number is regulated by intrinsic
hematopoietic factors. We discuss potential genes regulating IKDC number which may
contribute to the elaboration of novel cancer therapies.

Research Design and Methods
Mice

B10.Br, NOD.H2k, F1 (B10.Br x NOD.H2k) and F2 (F1 X F1) mice were maintained at
Maisonneuve-Rosemont Hospital housing facility. BALB/c, C3H, C57BL/6 and NOR mice
were purchased from Jackson Laboratory. NOD.Lc7 mice (formerly designated NOD.DR-4,
(12)) were bred in the vivaria at the University of Virginia. 8 to 12 week-old mice were used
for phenotypic analyses. F1 (B10.Br x NOD.H2k) recipients were irradiated at 11 Gy and left
to reconstitute for 8 weeks with 2×106 bone marrow cells from B10.Br and NOD.H2k at 1:1
ratio. The Maisonneuve-Rosemont Hospital ethics committee overseen by the Canadian
Council for Animal Protection approved all experimental procedures.

Flow cytometry
Spleen and lymph nodes are treated with collagenase (Collagenase of Clostridium
histolyticum, Type V, Sigma-Aldrich) for 15 minutes at 37°C and passed through a cell strainer.
All antibodies were purchased from Biolegend except CD11c (N418)-biotin and B220-FITC
which were produced in the laboratory. Data were acquired using a FACSCalibur (BD
Biosciences) and analyzed using FlowJo software (Treestar).

Linkage analysis
Genomic DNA was isolated from the tails of F2 male and female mice by using the DNeasy
Blood & Tissue Kit from Qiagen and single nucleotide polymorphisms were determined using
the Illumina Mouse Low Density Linkage panel serviced through The Centre for Applied
Genomics at The Hospital for Sick Children, Ontario, Canada. The LOD score was obtained
through a single QTL model using the library R/qtl of R software (ver 2.6.2). No impact of
gender was observed (p=0.062 non-parametric, Mann-Whitney).
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Results
Multiple cell surface markers have been used to define IKDC (2-4,13). Similar to pDC, IKDC
have been best defined by the expression of a low level of CD11c, along with B220 (2,3). In
addition, they express markers usually associated to NK cells, such as DX5 and CD122 (2,5).
Figure 1a shows that we can readily identify a subset of cells expressing a CD11clow B220+

DX5+ CD122+ phenotype in both spleen and lymph nodes. These plots demonstrate that not
all CD11clow B220+ DX5+ cells express CD122, while all CD11clow B220+ CD122+ cells
express DX5. Therefore, CD122 was routinely used in the characterization of this cell subset,
as it serves as a more specific marker to define this rare cell population.

We next undertook the challenge of defining the genetic factors regulating IKDC number. We
examined the proportion and absolute number of IKDC in various mouse strains (Figure 2).
Each strain showed a relatively fixed proportion and number of IKDC. However, a high
variation of IKDC proportion was noted between mouse strains. For instance, B10.Br and
C57BL/6 carried a high number of IKDC, while NOD mice showed a very low IKDC number
(IKDC number, B10.Br vs NOD p value < 1×10-4). This variation in IKDC number between
strains did not correlate with NK cell number (supplemental figure 1) and suggests that genetic
factors determine IKDC number. Alternatively, the reduced IKDC number in NOD mice was
possibly due to inflammation associated with autoimmune diabetes predisposition. To verify
this hypothesis, we assessed the number of IKDC in NOD mice congenic for the MHC H2k

locus (NOD.H2k). The MHC locus is the major susceptibility factor in NOD mice and thus
NOD.H2k mice do not develop diabetes (14). Yet, NOD and NOD.H2k mice had similar
numbers of IKDC (Figure 2). These results suggest that the decrease in IKDC in NOD mice
is not a consequence of autoimmune diabetes development. Regardless, NOD.H2k mice still
carry all non-MHC genes associated with autoimmune susceptibility, and as for NOD mice,
they remain susceptible to other autoimmune diseases (15), which may provide an
inflammatory state and influence IKDC number. However, the BALB/c strain is resistant to
autoimmune diseases, does not show inflammation and also exhibits a relatively low number
of IKDC (Figure 2). Interestingly, these results also demonstrate that IKDC proportion is not
regulated by the MHC locus, as NOD and NOD.H2k mice show a comparable number of IKDC.
This observation is further supported by the fact that C57BL/6 (H2b) and B10.Br (H2k), which
are essentially genetically related bar the MHC, also show a comparable number of IKDC
(Figure 2). Further evidence that IKDC number is regulated by genetic factors, came from the
evaluation of IKDC proportion in NOR mice. NOR is a NOD-related strain with prominent
non-NOD intervals on chromosomes 1, 2, 4, 5, 7, 11, 12, and 18 (16). As the proportion of
IKDC is significantly different between NOD and NOR strains (p value < 1×10-3), these results
suggests that at least one of the genetic intervals differing between the two strains is responsible
for defining IKDC number.

We have determined that IKDC proportion is highest in C57BL/6 and B10.Br strains and lowest
in NOD and NOD.H2k mice. For linkage analysis, we opted to perform the F2 outcross using
B10.Br and NOD.H2k mice. These strains were selected for three reasons. First, they showed
the highest differential in the proportion of IKDC, allowing for a better segregation of the F2
phenotypes. Second, the results would not be confounded by possible autoimmune diabetes
development as NOD.H2k mice do not develop diabetes. Finally, both B10.Br and
NOD.H2k strains carry the same MHC locus and our data indicate that this parameter does not
regulate IKDC number.

A linkage analysis was conducted on 106 F2 mice from the B10.Br to NOD.H2k outcross. The
F2 mice showed a broad distribution of IKDC frequency, suggesting that the trait is multigenic
(Figure 3a). Linkage analysis using the Illumina low density platform demonstrated a
suggestive linkage on chromosome 7 and a weak association with chromosome 19 (Figure 3b).
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To confirm the impact of chromosome 7 on the proportion of IKDC, we took advantage of
congenic NOD.Lc7 mice which carry C57L alleles on the corresponding chromosome 7
interval (Figure 3c). NOD.Lc7 mice showed a high proportion of IKDC, confirming that this
genetic locus regulates the proportion of these cells (Figure 3d).

The interval on chromosome 7 is rather large and carries many potential candidate genes. To
determine whether IKDC proportion was regulated by cell-intrinsic hematopoietic factors,
which would restrict the candidate gene search, we performed bone marrow chimera
experiments. B10.Br and NOD.H2k bone marrow were mixed in a 1:1 ratio in a lethally
irradiated F1 (B10.Br x NOD.H2k) recipient and left to reconstitute for 8 weeks prior to
analysis. Taking advantage of congenic markers for each strain, we found that the B10.Br and
NOD.H2k bone marrow reconstituted the recipient in relatively equal proportions, although
NOD.H2k consistently showed a slight advantage (Figure 4, left panel). However, the
proportion of IKDC originating from NOD.H2k was always reduced in comparison to B10.Br
(Figure 4, right panel). These results demonstrate that the proportion of IKDC is regulated by
cell-intrinsic hematopoietic factors, thus greatly restricting the list of potential candidate genes.

Discussion
IKDC have a defined tumoricidal activity (3,11) and modulation of their numbers may yield
important clinical applications. Here, we performed a linkage analysis to define the genetic
parameters regulating IKDC number. We have found that the distal portion of chromosome 7
strikingly impacts on the proportion of IKDC. Indeed, both NOD.Lc7 and NOR mice, which
are congenic for a C57 genetic region on chromosome 7, show a high proportion of IKDC.
Moreover, the proportion of IKDC is regulated within the hematopoietic compartment, greatly
restricting the potential candidate gene search. Nevertheless, IL4ra, IL21r, IL27, CD19, LAT
and Mapk3 form only a short list of the potential candidate genes included within the interval
defined by the loci delimiting the congenic interval regulating IKDC proportion in NOD.Lc7:
D7Mit253 and D7Mit12. For example, LAT adaptative protein increases human NK cell
cytotoxicity (17) and IL21 is known to promote pathogenic Th17 responses as well as to
enhance both CD8 and NK cell cytotoxic activity specifically against tumor cells (18).
Comparative gene profiling of IKDC from NOD and NOD.Lc7 will facilitate the identification
of the genetic elements controlling this phenotype.

The NOD.Lc7 IKDC number is quite compelling and confirms the linkage results suggesting
that the chromosome 7 interval provides the major genetic control of IKDC proportion.
However, the broad distribution of IKDC frequencies in F2 mice illustrates that the proportion
of IKDC is regulated as a multigenic trait. Moreover, it revealed a suggestive linkage on
chromosome 19. Surprisingly, both the chromosome 7 and 19 intervals associate with accrued
T cell IL-4 secretion (19). As IKDC rapidly produce high levels of IFN-γ upon activation, it
is unlikely that they promote IL-4 production. Rather, this observation may point to the fact
that the relatively large genetic regions identified may not only contribute to IKDC proportion:
they may impact various other pathways including resistance to oxidative stress (20).
Moreover, in NOD mice, other genetic regions of chromosome 7 have been shown to impact
the inflammatory response (21). The contribution of these multiple genetic regions towards
immune regulation remains to be thoroughly addressed.

In conclusion, NOD mice demonstrate a severe reduction in IKDC number, which can be
restored by genetic elements contained within the distal arm of chromosome 7. Interestingly,
NOD.SCID or RAG-deficient mice develop thymomas while the SCID and RAG deficiency
on other genetic backgrounds does not promote thymic tumor development (22). It remains to
be determined whether restoration of IKDC number in NOD.SCID mice will impact on
thymomagenesis. Future work will address whether NOD mice are generally more susceptible
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to developing multiple types of cancers. Understanding the genetic control of IKDC proportion
may help define susceptibility to cancer as well as facilitate the development of novel
therapeutic targets.
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Figure 1.
Interchangeable use of CD122 and DX5 to identify IKDC. IKDC are phenotyped according to
CD11clowB220+DX5+CD122+ cells in both spleen (top) and lymph nodes (bottom).
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Figure 2.
IKDC proportion and number in various mouse strains. A) The proportion and B) the absolute
number of IKDC (CD11clowB220+CD122+ cells) in the spleen are shown for the indicated
strains of mice. n<3.
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Figure 3.
Regulation of IKDC proportion by distal region of chromosome 7. A) The proportion of IKDC
was evaluated in 106 F2 mice. Shown is the distribution of mice for the %IKDC. B) Logarithm
of odds plot for the %IKDC in F2 cohorts is shown. Chr 7, p < 0.01 and Chr 19, p < 0.05. C)
Schematic representation of the shared diabetes-resistant intervals between NOR and
NOD.Lc7 mice. The genetic region is delimited by D7Mit253 and D7Mit12. Marker placement
is determined according to the NCBI m37 build. D) The proportion of IKDC is restored in
NOD.Lc7 congenic mice. Data are representative of three experiments.
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Figure 4.
IKDC proportion is dependent on hematopoietic-intrinsic factors. CD45.1 and CD45.2 were
respectively used to establish the level of bone marrow reconstitution from NOD.H2k and
B10.Br mice in the spleen of an F1 recipient (left panel). The proportion of IKDC among all
B10.Br or NOD.H2k cells was calculated by gating on CD45.1- or CD45.2- cells, respectively
(right panel).
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