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Summary

DNAX-activation protein 12 (DAP12), a transmembrane adapter, plays a

major role in transducing activation signals in natural killer cells and vari-

ous myeloid cells. Quantitative RT-PCR detected in normal mouse eyes

considerable levels of DAP12 and multiple DAP12-coupled receptors, in

particular TREM-1, Clec5a and SIRPb1. The role of DAP12 and its recep-

tors in experimental autoimmune diseases has been controversial. Here,

we analysed the effect of DAP12 deficiency on the capacity of mice to

mount immunopathogenic cellular responses to the uveitogenic ocular

antigen and interphotoreceptor retinoid-binding protein (IRBP), and to

develop experimental autoimmune uveitis (EAU). Surprisingly, sequential

analysis of EAU in mice deficient in DAP12 in two different animal facili-

ties at first revealed enhanced disease as compared with wild-type mice,

but when these mice were re-derived into a second, cleaner, animal facil-

ity, the response of control mice was essentially unchanged, whereas the

DAP12 null mice were markedly hyporesponsive relative to controls in

the new facility. Accordingly, when stimulated in vitro with IRBP,

lymphocytes from the DAP12-deficient mice housed in the two facilities

proliferated and produced opposite profiles of pro-inflammatory and anti-

inflammatory cytokines, compared with their controls. These findings

therefore demonstrate that the effects of DAP12 deficiency on develop-

ment of autoimmune disease are dramatically affected by environmental

factors.
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Introduction

DNAX-activation protein 12 (DAP12), also known as

killer-activating receptor-associated protein (KARAP), is a

transmembrane adapter that plays a major role in trans-

ducing activation signals from an array of receptors

expressed by natural killer cells, and a variety of myeloid

cells including dendritic cells, granulocytes and macro-

phages.1–7 DAP12 contains a phosphorylated immunore-

ceptor signalling motif that provides signalling function

via the Syk and ZAP-70 tyrosine kinase activation path-

ways.1,8 These immunoreceptor signalling motif-mediated

signals, initiated after receptor stimulation, lead to amplifi-

cation and diversification of signalling pathways needed to

mediate the complex biological responses required in spe-

cific immune responses. Within the myeloid compart-

ment, DAP12 has paradoxically been implicated in both

pro-inflammatory and anti-inflammatory activities.4,9 In

granulocytes, DAP12 couples to triggering receptor

expressed in myeloid cells (TREM) -1 and co-stimulation

with anti-TREM-1 antibody and endotoxin results in

accentuated inflammatory cytokine production.10,11 More-

over, blockade of TREM-1 rescues mice from endotoxa-

emia11,12 and accordingly, mice lacking DAP12 (Tyrobp�/

�) were also found to be resistant to endotoxaemia.13 In

contrast to TREM-1, TREM-2 coupled to DAP12 attenu-

ates macrophage activation. Hence, macrophages of Ty-

robp�/� or Trem2�/� mice are hyper-responsive to

Abbreviations: DAP12, DNAX-activation protein 12; EAU, experimental autoimmune uveitis; IRBP, interphotoreceptor retinoid-
binding protein; TREM, triggering receptor expressed in myeloid cells; WT, wild-type
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lipopolysaccharide and repression of TREM-2 expression

in microgial cells enhances their inflammatory poten-

tial.2,14,15 Similarly, when sensitized with D-galactosamine,

Tyrobp�/� mice are more susceptible than their wild-type

(WT) controls to fatal endotoxaemia.2,14,15 In another

study, deficiency in DAP12 enhanced the immunopathol-

ogy related to mycobacterial infection in mice.16 Of partic-

ular interest to the present study are reports showing the

outcome of DAP12 deficiency on experimental autoim-

mune diseases. Hence, whereas mice deficient in DAP12

were initially found to be resistant to induction of

experimental autoimmune encephalomyelitis,17 higher

susceptibility to this disease was observed in another study

in mice treated with antibody against TREM-218 and

expression of TREM-2 on myeloid precursors ameliorated

experimental autoimmune encephalomyelitis.19 Tyrobp�/�

mice also showed enhanced susceptibility to immune-

mediated diabetes, compared with WT controls.20

Animals immunized with certain retinal antigens may

develop the inflammatory eye disease experimental autoim-

mune uveitis (EAU). This animal disease serves as a model

for several inflammatory human eye diseases thought to be

immune-mediated and grouped under the term ‘uveitis’.21–

23 EAU is induced in mice by immunization with the

retinal antigen interphotoreceptor retinoid-binding pro-

tein (IRBP). Here, we compared DAP12-deficient mice

with WT controls for their susceptibility to EAU induc-

tion and for their capacity to develop cellular immunity

against IRBP. Initially, DAP12-deficient animals exhibited

higher susceptibility to the disease and superiority in their

proliferation and pro-inflammatory cytokine profile in

response to IRBP. However, after re-derivation into a sec-

ond, cleaner, animal facility on the same campus,

although the response of control mice was unchanged,

DAP12-deficient mice were markedly hyporesponsive

relative to controls. These data therefore suggest that

DAP12-coupled receptors play a key role in responding to

environmental factors and tuning subsequent inflamma-

tory responses in the eye and that their activity is deter-

mined by environmental factors.

Materials and methods

Mice

DNAX-activation protein 12 deficient mice (Tyrobp�/�),
described elsewhere,24 were backcrossed to C57BL/6 mice

and screened by microsatellite marker analysis at Wash-

ington University before being maintained at the National

Cancer Institute-Frederick. DAP12 null mice and age-

and gender-matched control C57BL/6 mice, between the

ages of 8 and 16 weeks, were used in this study. Mice

developing ocular inflammation as a result of interleukin-

1 (IL-1) expression in their lens were generated as

detailed elsewhere.25 Ocular inflammation in the IL-1

transgenic mice developed spontaneously, apparently as a

result of the potent pro-inflammatory activity of IL-1,

expressed in these eyes. The WT littermates, used as con-

trols, had no pathological changes in their eyes.25 The

mice were housed in pathogen-free facilities and all

experiments were carried out under protocols approved

by the National Eye Institute, National Institutes of

Health, Animal Care and Use Committee.

RNA isolation and quantitative RT-PCR

Cells were resuspended in Trizol and RNA was extracted

using an RNeasy Mini Kit (Qiagen, Valencia, CA). cDNA

was synthesized from total RNA using Superscript III

First Strand Synthesis System for RT-PCR (Invitrogen,

Carlsbad, CA). Quantitative RT-PCR was performed

using ABI Taqman Primer and Probe sets and normaliza-

tion was performed against Hprt1. Data are the means of

two quantitative PCR analyses of cDNA pooled from

several mice.

Immunostaining of mouse eye sections

Conventional methods were used for immunostaining of

frozen eye sections, to determine the expression of

DAP12 and of CD11b, a marker for macrophages. The

primary antibodies were rabbit anti-mouse DAP12

(AB4070, Chemicon, Temecula, CA), or rat anti-mouse

CD11b (MCA711, AbD serotec, Raleigh, NC), whereas

the corresponding secondary antibodies were goat anti-

rabbit AlexaFluor 555 (A21428, Molecular Probes,

Eugene, OR), or goat anti-rat Alexa Fluor 568 (A11077,

Molecular Probes).

Induction and evaluation of EAU

Experimental autoimmune uveitis was induced in DAP12

null mice and in WT C57BL/6 controls housed within the

same room of the same facility by immunization with

whole bovine IRBP, at 150 lg/mouse, and IRBP 1–20
peptide, at 200 lg/mouse, emulsified in complete Fre-

und’s adjuvant. In addition, the mice were treated intra-

peritoneally with 0�15 lg pertussis toxin (List Biological

Laboratories, Campbell, CA). Eyes were collected 14 days

after immunization and examined histologically as

detailed elsewhere.26 Severity of disease, on a scale of

0–4, in half-point increments, was scored as detailed

elsewhere.27

Lymphocyte responses: cytokine production

Draining lymph nodes were collected 14 days after immuni-

zation and pooled within each group. Lymph node cells

were cultured in 24-well plates at 5 9 106 cells/well in 1 ml

RPMI-1640 medium, supplemented with 2% HL-1 serum
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replacement (Lonza, Walkersville, MD), antibiotics and 2-

mercaptoethanol. The cultures were stimulated with whole

IRBP at 10 lg/ml. Supernatants were collected following

incubation for 48 hr and their cytokine levels were deter-

mined by Multiplex SearchLight technology (Pierce,

Woburn, MA). Levels of interferon-c, IL-17 and IL-10 were

also determined by ELISA, using specific kits (R&D Sys-

tems, Minneapolis, MN).

Lymphocyte responses: proliferation assay

The lymph node cells were also tested for their prolifera-

tive response, as detailed elsewhere.26 Data were expressed

as mean delta counts per minute.

Results

DAP12 and TREM2 participate in the pathogenic
process of immune-mediated ocular inflammation

We first assessed by quantitative RT-PCR the expression

of Tyrobp (DAP12), Hcst (DAP10) and several DAP12-

coupled receptors in the eyes of naive mice, to evaluate

which of these proteins might play a critical role in EAU.

Although DAP12 and TREM-2 are considered to be rela-

tively rare in naive C57BL/6 mouse eyes, our analysis

showed that Tyrobp was abundantly expressed and that

Trem2 had the highest level of expression of the panel of

receptors tested (Fig. 1a). We next assessed the expres-

sion of these same receptors in the inflamed eyes of

C57BL/6 mice that had been immunized with IRBP to

induce EAU. The influx of leucocytes into the eye was

reflected by a nearly 250-fold increase in expression of

Ptprc (CD45) in inflamed eyes relative to controls

(Fig. 1c). Increases in expression of the tested receptors

and signalling chains in eyes with EAU are recorded in

Fig. 1(b,c), as levels of each gene normalized to the level

of that gene in naive eyes. The lowest normalized value

was observed with Cd200r3, which increased by only

about fivefold; other molecules increased more dramati-

cally. Highest increases were recorded for Trem1

(1850�6), SIRPb1 (1427�7) and Clec5a (520�7) (Fig. 1b);

lower levels were measured with Tyrobp (DAP12, 67�9),
hcst (DAP10, 117�1), Trem2 (27�9), Cd300d (130�2) and

Cd200r4 (24�7) (Fig. 1c). To confirm the expression of

DAP12 in inflamed eyes we further tested the expression

of this molecule by immunohistochemical analysis of eyes

with ‘spontaneous’ inflammation due to transgenic local

expression of IL-1. The ocular inflammation in the IL-1

transgenic mice develops spontaneously, apparently as a

result of the potent pro-inflammatory activity of IL-1,

expressed in these eyes. Wild-type C57BL/6 controls had

no pathological changes in their eyes.25 As seen in

Fig. 1(d), in the inflamed eye, DAP12 is expressed con-

sistently in infiltrating cells that are also stained for

CD11b, a marker for monocytes/macrophages and neu-

trophils.

Environmental factors control susceptibility to EAU
in DAP12-deficient mice

Having documented an increase in DAP12 and DAP12-

coupled receptor expression in inflamed eyes, we next

examined the effect of DAP12 deficiency on the develop-

ment of EAU by comparing the disease development in

DAP12-deficient mice and in their WT controls. We

immunized groups of mice of the two lines with the uvei-

togenic protein, IRBP, as described above, and 14 days

later we collected the mouse eyes and evaluated the sever-

ity of ocular changes by histological examination.27 The

tested mice were on the C57BL/6 background, a mouse

strain that is only moderately susceptible to EAU induc-

tion28 and requires high doses of IRBP, as well as the

additional adjuvant effect of pertussis toxin. The WT

C57BL/6 mice also exhibit high variability in their capac-

ity to develop EAU (Fig. 2a and refs. 29 and 30).

During the course of our study the DAP12-deficient

mice and their WT controls were re-derived into a second

animal facility. Like the first, this new facility is also path-

ogen free. Caging, light cycles, chow and water supplies

are all the same, but the second facility is more strin-

gently maintained, as indicated by its being free of Heli-

cobacter infestation, whereas the original facility, like

many facilities throughout the country, was Helicobacter

contaminated. This situation gave us the unique opportu-

nity to assess the phenotype of DAP12-deficient mice in

two different environmental situations. Interestingly, data

collected in our first seven independent experiments, per-

formed with mice housed in the first facility, indicated

that although the severity of disease varied among experi-

ments, in six out of seven experiments, disease severity

was higher in the group of DAP12-deficient mice than in

their controls and when the experiments were combined,

the difference between the two genotypes appeared highly

significant by direct comparison (P = 0�0055, Student’s

t-test, compared with WT, not shown) (Fig. 2a). In con-

trast, in five consecutive, additional experiments, using

mice reared in the newer cleaner facility, DAP12-deficient

mice developed statistically less severe EAU than their

WT controls (Fig. 2a). It is important to note that the

response of WT animals to immunization was similar

between the two facilities; only the phenotype of the

DAP12-deficient mice was affected (Fig. 2a, one-way

analysis of variance between all groups).

Figure 2(b) shows representative eye sections of mice

of WT controls and DAP12-deficient mice from the two

facilities. In both sets of experiments, the characteristic

changes seen in the WT control eyes (scored at ‘2’)

mainly include foci of inflammatory cell infiltration in

the retina and other ocular tissues. More severe changes
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are seen in the eye of the DAP12-deficient mouse of the

first facility (scored at ‘2�5’), that include retinal detach-

ment with folding and proteinaceous and cellular exu-

dates in the sub-retinal space. In contrast, the eye of the

DAP12-deficient mouse from the second facility shows

minimal histological changes (scored at ‘0�5’) that include
small numbers of inflammatory cells infiltrating the optic

nerve head and limbus.

Production of pro-inflammatory cytokines is
preferentially enhanced or reduced in DAP12-
deficient mice reared in the two facilities

Like the majority of other experimental autoimmune dis-

eases, EAU is induced by the complex process of cell-

mediated inflammation.22,23 This process is mediated by

cytokines released by cells of the myeloid lineage, as well

as by a variety of lymphoid cells, particularly T helper

cells.31,32 We hypothesized, therefore, that modified

patterns of change in the eyes of DAP12-deficient mice

might be the result, to a large extent, to altered profiles

of cytokine production during the immunopathogenic

process. To examine this notion, we collected lymphoid

cells from the draining lymph nodes of DAP12-deficient

and control mice, 14 days following immunization with

IRBP, and measured the levels of six major cytokines

secreted into the culture medium after 48 hr of incuba-

tion with IRBP. Figure 3(a) shows the mean cytokine lev-

els of repeated experiments with culture supernatants of

the first and second animal facilities, using the Multiplex

SearchLight technology. The data indicate opposite pat-

terns of differences between cells of the DAP12-deficient

and WT control mice of the two facilities in their pro-

duction of IL-10 and IL-17, the signature anti-inflamma-

tory and pro-inflammatory cytokines, respectively. Hence,

whereas in cultures of the first facility the levels of IL-10

were lower and those of IL-17 were higher in deficient

mice than in their WT controls, the opposite pattern was
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Figure 1. (a–c) Expression of DNAX-activation protein 12 (DAP12) and related molecules is remarkably enhanced in inflamed eyes. Total RNA

from C57BL/6 naive control mice (a), or from inflamed eyes of mice with experimental autoimmune uveitis (EAU), 14 days following immuniza-

tion with interphotoreceptor retinoid-binding protein (IRBP) (b and c), was assayed for DAP12, CD45 and DAP12-coupled receptors using spe-

cific TaqMan quantitative PCR probe sets. In (a), data are presented as fold of TREM2, the highest receptor we detected. In (b) and (c), levels of

each gene were normalized to the level of that gene in naive eyes. All data were normalized using Hprt1 as a house-keeping gene. Data represent

the mean of triplicate determinations from cDNA of pools of animals. (d) DAP12 is expressed by eye-infiltrating inflammatory cells. Immuno-

staining of an eye section of interleukin-1 (IL-1) transgenic mice, with severe ocular inflammaion,26 identifying DAP12 (green) in infiltrating cells

in the vitreous, along with CD11b (red), a marker for monocytes/macrophages. In certain positive cells, the two molecules are expressed at differ-

ent cell loci, whereas in other cells, DAP12 and CD11b are expressed at the same loci, yielding the yellow staining when merged.
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seen in cultures of mice from the second facility. The

production pattern of tumour necrosis factor-a, another
pro-inflammatory cytokine, resembled that of IL-17, but

the higher level in the WT cultures was only marginally

higher in mice of the second facility. No specific pattern

was seen in the levels of interferon-c, IL-4 and IL-6 in

cultures of cells from the two facilities. Supernatants of

cell cultures of mice from the second facility were also

tested by ELISA and the data of repeated experiments are

summarized in Fig. 3(b). A good correlation was found

between the two assays in showing the opposite patterns

of IL-10 and IL-17 production by cells of the two facili-

ties. It is important to note that the opposite observations

made with production of pro-inflammatory and

anti-inflammatory cytokines are in line with our findings

concerning EAU development in mice reared in the two

facilities (Fig. 2).

Cellular immune responses in DAP12-deficient mice
from the two facilities are higher or lower than in
their WT controls

As a final examination of this unexpected shift in pheno-

type, we compared the cellular immune response of the

DAP12-deficient and control mice in the two facilities by

measuring the proliferative response of their lymph node

cells against IRBP. The data of a representative experi-

ment from each facility are shown in Fig. 3(c) and dem-

onstrate that lymphocyte responses to IRBP again

mirrored the switch in EAU phenotype between the two

animal facilities. This observation is again in line with the

notion that DAP12-coupled receptors regulate the cellular

immune response by interacting with environmental

factors.

Discussion

This study analysed the involvement of the DAP12 system

in the immunopathogenic process of EAU, an animal

model for several uveitic conditions in humans.21–23

Analysis of DAP12 and its receptors showed low-level

expression of these molecules in naive mouse eyes, pre-

sumably expressed physiologically by myeloid cells such

as microglia. A striking increase in the levels of DAP12

and related molecules was observed in inflamed mouse

eyes, apparently produced by the invading inflammatory

cells. These findings are similar to those of Piccio et al.18

in the central nervous system of mice with experimental

autoimmune encephalomyelitis. In the case of EAU, how-

ever, the dramatic increase in Clec5a and Sirpb1, even

when compared with the increase in Ptprc, suggests a pro-

nounced neutrophilic infiltrate, consistent with the Th17

involvement in this disease.30

The major observation of the present study is the dra-

matic differences between the immunopathogenic

response of the DAP12-deficient mice of the same line,

when reared and housed in the two animal facilities.

Whereas the deficient mice in the first facility were
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Figure 2. DNAX-activation protein 12 (DAP12) -deficient mice

developed more severe experimental autoimmune uveitis (EAU) in

the first facility compared with their wild-type (WT) controls, but less

severe disease in the second facility. Groups of DAP12-deficient mice

and their WT controls, five to eight mice per group, housed in either

the first or second animal facility, were immunized with interphotore-

ceptor retinoid-binding protein (IRBP) and the development of EAU

was determined by histological examination. (a) Mean EAU severity

levels of DAP12-deficient (Tyrobp�/�) and WT mice, accumulated in

seven different experiments in animals housed in the first facility and

in five experiments in animals from the second facility. P-values repre-

sent the results of a one-way analysis of variance. (b) Representative

histological sections of eyes developing EAU from DAP12-deficient

mice and their matched WT controls from the two facilities. Similar

changes are seen in the eyes from the control mice of the two facilities

(scored at ‘2’), that mainly include foci of inflammatory cell infiltra-

tion in the retina and other ocular tissues. Even more severe changes

are seen in the eye of the DAP12-deficient (Tyrobp�/�) mouse of the

first facility (scored at ‘2�5’), that also include retinal detachment with

folding and proteinaceous exudate in the sub-retinal space. In con-

trast, the eye of the DAP12-deficient mouse from the second facility

shows minimal histological changes (scored at ‘0�5’), that only include
small numbers of inflammatory cells infiltrating the optic nerve head

and limbus. A section of an eye of a normal C57BL/6 control is also

included in the figure, for comparison.

Published 2013. This article is a U.S. Government work and is in the public domain in the USA, Immunology, 140, 475–482 479

Dual effects of DAP12 on immunopathogenicity



superior to their WT controls in their development of

EAU and immune response to IRBP, the opposite was

seen when the same two lines of mice were re-derived

and transferred into the second animal facility. EAU is

an animal model for uveitic conditions in humans21–23

and our findings therefore suggest that DAP12-coupled

receptors clearly play a role in controlling immunopath-

ogenic processes in the eye and the activity of these
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Figure 3. Different profiles of cellular immune responses against interphotoreceptor retinoid-binding protein (IRBP) of DNAX-activation protein

12 (DAP12) -deficient (Tyrobp�/�) mice and their wild-type (WT) controls from the two animal facilities. (a) Draining lymph node lymphocytes

collected 14 days post-immunization were cultured with IRBP (10 lg/ml) for 48 hr and their supernatants were analysed for the indicated cyto-

kines by Multiplex SearchLight technology. The data, in pg/ml, are means � SEM of three experiments with mice of the first facility and two

experiments with mice of the second facilty. (b) Cytokine levels (pg/ml) measured by ELISA. The bars present means � SEM of four independent

experiments. (c) Opposite profiles of proliferative responses against IRBP in cultures of DAP12-deficient mice and their WT controls from the

two facilities. The draining lymph node lymphocytes were stimulated with IRBP at the indicated concentrations and their response measured by

[3H]thymidine incorporation. The data shown are of representative experiments; similar patterns of response were observed in two additional

experiments with cells of mice from each of the two facilities.
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molecules is determined to a large extent by the envi-

ronment.

DNAX-activation protein 12 and its cofactors,

expressed by dendritic cells and other myeloid cells, indi-

rectly regulate the immune response mainly by control-

ling the level and type of cytokine production, as well as

other activities of lymphocytes.6 The activities of DAP12

and its cofactors are affected by environment-derived

Toll-like receptor ligands,6 and it is plausible, therefore,

that these activities are influenced by the animal facility’s

environment. The DAP12 affects the immunopathogenic

response by controlling processes responsible for the bal-

ance between pro-inflammatory and anti-inflammatory

responses, perhaps via regulation of their interactions

with environmental factors. It is of note that a direct

immunosuppressive capacity of TREM2 was reported by

Takahashi et al.19 who demonstrated suppressive effects

of TREM2- expressing cells and the data of Hall et al.20

showing that the level of regulatory cells was reduced by

DAP12 deficiency. Also of note is the study by Whittaker

et al.33 showing that by altering signalling in macrophage

pathways used by TREM2, Toll-like receptor-induced

IL-10 is increased at the expense of IL-12p40. Lastly,

Weber et al.34 recently described the expression of

TREM2 in gut phagocytes where they would be in a posi-

tion to regulate the host–microbiome interaction. Taken

together with our data we would propose that DAP12-

coupled receptors, perhaps TREM2, interact with envi-

ronmental factors such as the microbiome and regulate

the outcome of subsequent immune challenge.

Our findings demonstrate, for the first time, that the

immunopathogenic response of DAP12-deficient mice,

compared with that of WT controls, could differ dramati-

cally in different environmental conditions. A growing

body of data has recently revealed the considerable extent

to which the intestinal microbiome affects the immune

response.35–37 Considering the relationship between the

two animal facilities, including the tight monitoring of

several potential murine pathogens, we conclude that the

most likely environmental variable between the two facili-

ties is the resulting gut flora of the mice. Even genetically

identical mice from different sources or housed in

different rooms within a given animal facility can have

significantly different microbiomes.36 As our mice were

re-derived using pseudopregnant mothers for nursing

while being transferred from the first facility to the sec-

ond, it is conceivable that the gut floras of the mice in

the two facilities were not the same. Unfortunately, our

first animal facility is undergoing decontamination and

renovation, making it impossible to compare the floras of

mice from the two sources. More studies are needed,

therefore, to examine the exact effects of the gut flora on

the mode of DAP12 activity.

In addition to suggesting a new avenue for the study of

DAP12-coupled receptors, our data may provide a possi-

ble explanation for the more than a decade old enigma

concerning the effect of DAP12 deletion on the immuno-

pathogenic response: whereas Bakker et al.17 reported that

DAP12-deficient mice were inferior to WT controls in

their capacity to develop experimental autoimmune

encephalomyelitis, several other groups reported the

opposite observation, of increase in immunopathogenicity

in DAP12-deficient or TREM2-deficient mice.18–20 In

view of our findings here we hypothesize that the differ-

ence between these studies was a result of differences in

the facilities and, consequently, the gut flora in mice of

the various facilities were not the same and differently

affected their immune responsiveness.
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