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It is commonly believed that only T lymphocytes and B lymphocytes expressing recombination-dependent antigen-specific

receptors mediate contact hypersensitivity responses to haptens. Here we found that mice devoid of T cells and B cells

demonstrated substantial contact hypersensitivity responses to 2,4-dinitrofluorobenzene and oxazolone. Those responses were

adaptive in nature, as they persisted for at least 4 weeks and were elicited only by haptens to which mice were previously

sensitized. No contact hypersensitivity was induced in mice lacking all lymphocytes, including natural killer cells. Contact

hypersensitivity responses were acquired by such mice after adoptive transfer of natural killer cells from sensitized donors.

Transferable hapten-specific memory resided in a Ly49C-I+ natural killer subpopulation localized specifically in donor livers.

These observations indicate that natural killer cells can mediate long-lived, antigen-specific adaptive recall responses

independent of B cells and T cells.

Immune responses to infectious or damaging agents are commonly
categorized as either innate or adaptive. Innate immune responses
involve both soluble and cell surface–associated germline-encoded
molecules that recognize a finite set of molecular patterns associated
with tissue damage and certain pathogens. A hallmark of innate im-
munity is that repeated exposure to the same challenge does not
substantially alter the nature of the ensuing response1. In contrast,
adaptive immune responses to a previously encountered challenge are
qualitatively and/or quantitatively enhanced compared with the first
encounter. Moreover, the versatility of adaptive responses is almost
unlimited with regard to antigen specificity. A principal mechanism
generating this diversity is the random recombination of variable,
diversity and joining gene segments during lymphocyte development,
which depends on the synergistic activity of proteins encoded by
recombination-activating gene 1 (Rag1) and Rag2 (ref. 2) and gives
rise to millions of naive T cells and B cells, each with a unique
antigenic specificity3.

Priming of naive T cells to a pathogen-associated antigen requires
the encounter of a T cell with specialized antigen-presenting cells
in secondary lymphoid organs and triggers massive T cell prolifera-
tion followed by the acquisition of T cell effector functions. Effector
T cells give rise to long-lived memory T cells that confer enhanced
protection against reinfection. As only T cells and B cells are known
to have the machinery required for somatic rearrangement of
antigen receptor genes, it is commonly believed that adaptive immu-
nity is strictly dependent on the presence of T cells and B cells.
That idea has been challenged based on results obtained with

invertebrates4. However, there is no evidence so far that any cells
other than B cells or T cells can elicit an adaptive immune response
in mammals.

A classic example of adaptive immunity is the hapten-induced
contact hypersensitivity (CHS) response, in which an epithelial surface
is exposed to organic or inorganic molecules that chemically modify
proteins. The ‘haptenated’ molecules are recognized as foreign anti-
gens and trigger the formation of hapten-specific long-lived immune
memory. Rechallenge after sensitization precipitates a local recall
response associated with tissue swelling caused by the recruitment
of inflammatory cells from the blood. A widely used model for
studying CHS involves the sensitization of rodents by painting of
2,4-dinitrofluorobenzene (DNFB) or oxazolone (OXA) on the ani-
mal’s dorsal skin followed several days later by rechallenge at a
previously unexposed site, such as the ear5,6. The hapten-specific
recall response can be measured during subsequent days as increased
ear thickness6. Both ab and gd T cells as well as B-1 B cells have been
linked to this phenomenon7,8. Indeed, naive mice can be passively
sensitized by adoptive transfer of T cells from hapten-sensitized
donors, and local injection of a single memory T cell at the site of
challenge can be sufficient to achieve that effect9. Moreover, the
structures of several hapten-specific T cell receptors have been
elucidated10,11. Given that evidence, it has been accepted that T cells
mediate CHS responses, although those findings do not rigorously
exclude the possibility of the parallel existence of T cell–independent
effectors. Here we demonstrate that hapten-induced CHS responses
are not strictly dependent on T cells or B cells but can be
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independently mediated by a subset of natural killer (NK) cells in the
livers of sensitized T cell– and B cell–deficient mice.

RESULTS

CHS in the mouse bladder

The initial objective of our study was to explore CHS responses in
hapten-sensitized mice in a tissue other than the skin. We chose
mouse bladder as a suitable organ because the ‘urothelial’ barrier can
be challenged relatively easily by intravesical injection of water-soluble
reagents. Moreover, the bladder in rodents is accessible to intravital
microscopy12 and the composition of tissue-infiltrating leukocytes can
be assessed quantitatively by histology and flow cytometry (M.G. and
U.H.v.A., unpublished data).

We sensitized mice on two consecutive days by epicutaneous
painting with DNFB. We challenged the urinary tract 5 d later by
intravesical injection of 2,4-dinitrobenzene sulfonic acid (DNBS), a
water-soluble analog of DNFB that is recognized by DNFB-specific
T cells13. Histological examination showed considerable inflammatory
infiltration in the bladder wall of sensitized (but not naive) mice that
was concentrated in the lamina propria (Fig. 1a). Collagenase diges-
tion of excised bladders allowed us to generate single-cell suspensions
that we analyzed for leukocyte subset content by flow cytometry
(Fig. 1b). Although challenged bladders in naive mice and unchal-
lenged bladders in sensitized mice contained few leukocytes, chal-
lenged bladders in sensitized mice were heavily infiltrated with
leukocytes. Compared with baseline leukocyte counts in unchallenged
bladders in sensitized mice, the relative increase in leukocyte numbers
induced by DNBS challenge was highest for ab T cells followed by NK
cells and granulocytes (Fig. 1c). The total number of CD45+ leuko-
cytes recovered after DNBS challenge from bladders of sensitized mice
was more than twice as high as the number recovered from naive mice
(Fig. 1d). To determine whether this acquired immune response in the
bladder was T cell dependent, we applied the same protocol to Rag2–/–

mice, which are completely devoid of T cells and B cells2,14. Unex-
pectedly, the sensitization-dependent recruitment of inflammatory
cells in challenged bladders of Rag2–/– mice was identical in magnitude
to our measurements in wild-type mice (Fig. 1d).

Intact cutaneous CHS in Rag2–/– mice

Having noted in recombination-deficient mice what seemed to be the
induction of immunological memory, we sought to determine whether
that phenomenon was unique to the bladder. Thus, we sought to
determine whether mice lacking T cells and B cells can also mount
sensitization-dependent recall responses in the classic ear CHS model.
We tested three genetically distinct strains of T cell– and B cell–
deficient mice (Rag2–/– mice on either the C57BL/6 or C57BL/10
background and severe combined immunodeficiency (SCID) mice on
the BALB/c background). In agreement with published observations15,
all three strains developed ear swelling responses to DNFB equivalent
to those in wild-type control mice (Fig. 2a and data not shown).

After thus confirming that hapten exposure leads to full sensitiza-
tion in the absence of lymphocytes expressing conventional recombi-
nation-dependent antigen receptors, we sought to determine whether
that reflected a hapten-specific adaptive immune response or a simple
exacerbated innate defense reaction to a recently encountered irritant.
We measured the response of mice to another well characterized
hapten, OXA, which is chemically distinct from DNFB. Rag2–/–

C57BL/10 mice showed a significant inflammatory reaction when
sensitized and challenged with OXA, but they responded only to
haptens to which they had been previously exposed; challenge of
DNFB-sensitized Rag2–/– mice with OXA had no effect and vice versa
(Fig. 2b). This finding indicates that immune responses to hapten
challenge in Rag2–/– mice are inducible and hapten specific.

Next we sought to determine whether hapten sensitization of
Rag2–/– mice can induce long-lived immunological memory. We
allowed DNFB-sensitized Rag2–/– mice to ‘rest’ for 4 weeks before
challenge. The resulting CHS response was equivalent to that in wild-
type mice (Fig. 2c), indicating that mice can mount T cell– and B cell–
independent immune responses having all the functional hallmarks of
adaptive immunity, given that this CHS response required prior
sensitization, was antigen specific and resulted in persistent memory.

NK cell accumulation in hapten-challenged tissues

Which leukocytes might confer hapten-specific memory in the
absence of T cells and B cells? We focused on NK cells, because
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Figure 1 Hapten-induced DTH response in mouse

bladder. Mice were sensitized transdermally with

DNFB on day 0 and day 1. On day 5, mice were

anesthetized and challenged by intravesical

DNBS instillation; 48 h after challenge, excised

bladders were prepared for histology (a) or were

digested in collagenase and analyzed by flow

cytometry (b–d). (a) Hematoxylin and eosin–
stained sections of C57BL/6 bladders (treatment,

above images). Original magnification, �200

(left) and �400 (right). (b) Flow cytometry of

bladder-infiltrating leukocytes. Infiltrating CD45+

leukocytes were characterized for subset

composition with lineage-specific antibodies, and

the absolute number of T cells, B cells, NK cells,

neutrophils (PMN), macrophages (MF) and
dendritic cells (DC) in bladders of mice

(treatment, horizontal axis) was determined.

n ¼ 4 mice per group. (c) Challenge-induced

increase in each subset in b relative to that in

unchallenged sensitized bladders. (d) Total

number of CD45+ leukocytes in DNBS-challenged

bladders of wild-type (WT) and Rag2–/– mice with

and without prior sensitization (unpaired

Student’s t-test; n ¼ 3 mice per group).
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our bladder delayed-type hypersensitivity (DTH) model showed that
other than T cells, NK cells had the greatest relative increase at the
site of hapten challenge (Fig. 1c). By immunofluorescence micro-
scopy, we also detected extravascular cells expressing NK1.1 after
sensitization and challenge in sections of inflamed ears from
both wild-type and Rag2–/– mice, whereas NK1.1+ cells were sparse
in the contralateral ears that did not receive a challenge (data not
shown) and in challenged ears of mice that had not been sensitized
previously (Fig. 3a).

Given the inherent limitations of immunofluorescence microscopy,
it is difficult to detect and accurately count small numbers of tissue-
infiltrating leukocytes. Thus, we used an additional approach to
investigate the accumulation of NK cells in hapten-challenged skin.
We removed ears from sensitized wild-type and Rag2–/– mice 24 h
after challenge. We then split the ears and transferred them to
chemoattractant-containing media. After overnight culture, we recov-
ered large numbers of CD45+ leukocytes that included 0.5–1.8% NK
cells from hapten-challenged ears, whereas few cells emigrated from
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Figure 2 Hapten-induced CHS responses in

ears of wild-type and Rag2–/– mice. Mice were

sensitized on two consecutive days by painting

of 0.5% DNFB or 10% OXA on the shaved back;

5 d or 4 weeks later, the right ear was challenged

with 0.25% DNFB or 1% OXA and the left ear

was painted with vehicle (acetone), and ear

thickness was measured 24 h later. To account
for acute hapten-induced tissue irritation, back-

ground swelling was measured in parallel with

that of nonsensitized mice. Hapten-specific ear

swelling was calculated as follows: [treated ear

thickness – control ear thickness] – background

swelling. (a) Hematoxylin and eosin–stained tissue

sections of ears from DNFB-sensitized, challenged

mice (left margins). Original magnification, �100.

(b) CHS responses in wild-type and Rag2–/– mice

are hapten specific. Mice were sensitized with

either DNFB or OXA and were challenged with

either the same or the other hapten (below graph;

n ¼ 4 mice per group). (c) CHS responses in

wild-type and Rag2–/– mice are long lived. Mice

were sensitized to DNFB and were allowed to

‘rest’ for 5 d or 4 weeks before challenge.

P ¼ 0.4663 (ANOVA); n ¼ 8–10 mice per group

from two independent experiments.
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Figure 3 NK cell accumulation in ears of DNFB-

sensitized mice versus DNFB-sensitized and

challenged mice. (a) Immunofluorescence

staining of frozen ear sections from DNFB-

challenged wild-type and Rag2–/– mice with and

without DNFB sensitization. Sections are stained

for NK1.1 (red) and the ‘pan-endothelial’ marker

CD31 (green) and are counterstained with the

nuclear dye DAPI (4,6-diamindino-2-phenyl-

indole; blue). Original magnification, �100.

Micrographs are representative of four

experiments. (b–d) DNFB- and vehicle-challenged

ears were removed from sensitized wild-type and
Rag2–/– mice, were sterilized, were split along the

cartilage and were placed in media containing

CCL21, leukotriene B4 and interleukin 2. After

14 h, emigrated cells were counted with a

hemocytometer and analyzed by flow cytometry.

(b) Flow cytometry of NK1.1 expression on

CD45+ emigrated leukocytes; data are

representative of four experiments. (c,d) Number

of CD45+ leukocytes (c) and CD45+ NK1.1+ cells

(d) recovered from cultured ears of wild-type and

Rag2–/– sensitized-only versus sensitized-and-

challenged ears (unpaired Student’s t-test; n ¼ 4

mice per group).
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vehicle-exposed control ears (Fig. 3b–d). Similar to our results in the
bladder model, we recovered nearly equivalent numbers of CD45+

leukocytes from the hapten-challenged ears of wild-type and Rag2–/–

mice (Fig. 3c). These data demonstrate that hapten challenge after
sensitization induces a rapid and substantial influx of NK cells to the
inflamed tissue.

NK cells in T cell–independent CHS

The consistent accumulation of NK cells in hapten-challenged tissues
prompted us to examine the function of NK cells in DNFB-induced
CHS using two separate approaches. First we tested two strains of
T cell– and B cell–deficient mice that either contained dysfunctional
NK cells (SCID � beige16) or completely lacked NK cells (Rag2–/–

mice lacking the common cytokine receptor g-chain (Il2rg–/–)17,18).
Both double-mutant strains failed to mount a CHS response to DNFB
(Fig. 4a). Although these observations were suggestive of a function
for NK cells, neither the lysosomal storage defect caused by the beige
mutation nor deficiency in the common cytokine receptor g-chain in
Rag2–/–Il2rg–/– mice are selective for NK cells, leaving open the
possibility that another leukocyte subset could be involved. Therefore,
we used a second approach by depleting NK cells from wild-type and
Rag2–/– mice with antibody to asialo-GM1 (anti-asialo-GM1)19 or
anti-NK1.1 (ref. 20). As expected, NK cell depletion did not abolish
CHS responses in wild-type mice, which can develop T cell–dependent
memory specific for DNFB. In contrast, Rag2–/– mice treated with
anti-asialo-GM1 completely lost the ability to respond to DNFB
challenge (Fig. 4b). We obtained equivalent results when we depleted
mice of NK cells using anti-NK1.1 (Fig. 4c).

We also compared the ability of wild-type and mutant mice
lacking only T cells and B cells (SCID and Rag2–/–) or additionally
defective in NK cells (SCID � beige and Rag2–/–Il2rg–/–) to
mount CHS responses to two additional haptens (OXA and picryl
chloride (2,4,6-trinitrochlorobenzene)). Consistent with our findings
using DNFB, Rag2–/– mice responded vigorously when sensitized
and challenged with OXA, whereas Rag2–/–Il2rg–/– mice failed to
mount a CHS response to OXA (Fig. 5a). We were unable to
elicit a significant CHS response to OXA in sensitized SCID mice
on the BALB/c genetic background (Fig. 5b), although this strain
developed vigorous CHS after sensitization and challenge with
DNFB. This result is in line with published reports on the effects of
DNFB and OXA in SCID BALB/c mice15,21. Conversely, the third
hapten, picryl chloride, induced a mild but statistically significant
CHS response in SCID BALB/c mice but not in Rag2–/– C57BL/10
mice (Fig. 5c,d), indicating that there may be strain-specific genetic
modifiers that determine whether a given hapten can elicit T cell–
independent CHS.

Sensitized NK cells confer CHS

The results reported above demonstrated that NK cells were required
for T cell– and B cell–independent CHS responses, but they did not
exclude the possibility of involvement of other leukocytes. To address
that issue, we isolated and pooled NK cells and non–NK cells from
livers and spleens of DNFB-sensitized and naive Rag2–/– donors and
adoptively transferred the cells into naive Rag2–/–Il2rg–/– recipients.
Subsequent challenge with DNFB elicited a vigorous CHS response in
recipients of sensitized NK cells, whereas recipients of naive NK cells
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or of pooled leukocytes from sensitized donors that had been depleted
of NK cells showed no response (Fig. 6a). Thus, NK cells are both
necessary and sufficient for the transfer of hapten-specific memory
from sensitized Rag2–/– mice to naive recipients.

Memory NK cells in the liver

To explore the mechanism(s) underlying that unexpected function of
NK cells, we sought to determine whether hapten-specific memory is
induced by all NK cells in sensitized mice or if only a distinct sub-
population of NK cells is capable of conferring hapten-specific mem-
ory. The latter seemed plausible, as published work has demonstrated
that mammalian NK cells are composed of multiple subsets based on
surface phenotype, immunological activity and anatomic distribution.

For example, liver NK cells exert more potent antitumor activity and
have distinct transcriptional profiles compared with circulating NK
cells22. Thus, we purified NK cells from DNFB-sensitized Rag2–/– livers
and spleens and compared their ability to induce CHS in DNFB-
challenged Rag2–/–Il2rg–/– recipients. Only recipients of sensitized
hepatic NK cells mounted detectable CHS responses (Fig. 6a), whereas
splenic NK cells from the same donors were devoid of transferable
hapten-specific memory activity. Thus, hapten-specific NK memory
cells in sensitized Rag2–/– mice are localized in the liver.

Hepatic memory NK cell surface phenotype

In an effort to phenotypically define hapten-specific NK cells, we
stained Rag2–/– hepatic NK cells for CD11b and Thy-1, which are
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Sen, sensitized. (b–d) Anti-Thy-1 abrogates CHS in Rag2–/– mice. (b) Contour plot of Thy-1.2 and CD11b expression on liver NK1.1+ cells from DNFB-

sensitized Rag2–/– mice. Numbers in quadrants indicate subset frequency. (c) Thy-1.2 staining (detected by secondary phycoerythrin-conjugated goat
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(d) Depletion of Thy-1+ NK cells in anti-Thy-1-treated, but not in isotype control mAb–treated (Control), sensitized Rag2–/– mice results in complete

inhibition of CHS after DNFB challenge (unpaired Student’s t-test; n ¼ 6 mice/group).
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Figure 7 NK receptors in CHS. (a) Survey of NK receptor expression on NK

cells in lymph node (LN), liver and spleen before and after sensitization

with DNFB or OXA. On day 0, Rag2–/– mice were injected with B16-Flt3L

tumor cells to induce systemic proliferation of NK cells; on days 9 and 10,

mice were sensitized with DNFB, OXA or vehicle; on day 12, NK receptor

expression on NK1.1+ cells in various tissues was analyzed by flow

cytometry (n ¼ 3 mice per group). Sensitization (horizontal axis): N, none;
D, DNFB; OX, oxazolone. (b) CHS response after adoptive transfer. Flow

cytometry–sorted LY49C-I+ or Ly49C-I– hepatic DX5+ NK cells from DNFB-

sensitized Rag2–/– donors were adoptively transferred into Rag2–/– or

Rag2–/–Il2rg–/– mice (12 � 104 to 15 � 104 cells per mouse); recipients

were challenged with DNFB 24 h later and the CHS response was

measured the next day (unpaired Student’s t-test). Each symbol represents

one mouse. (c) Thy-1.2 and Ly49C-I expression on NK1.1+ cells in wild-
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cells in each. Data in c are representative of two experiments.
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upregulated on activated NK subsets23. We noted considerable hetero-
geneity in CD11b and Thy-1 expression, with some NK cell subsets
expressing neither, one or both markers (Fig. 6b). Systemic treatment
with a monoclonal antibody (mAb) specific for Thy-1 has been shown
to abrogate CHS responses in wild-type mice24. That effect was
attributed to antibody-induced depletion of T cells, which are uni-
formly Thy-1+. However, given our observation that Thy-1 was
expressed on about 50% of hepatic NK cells, it seemed plausible
that anti-Thy-1 might also remove liver-resident Thy-1+ NK cells.
Indeed, treatment with anti-Thy-1 produced depletion of hepatic
Thy-1+ NK cells (Fig. 6c) and abolished CHS responses to DNFB in
sensitized Rag2–/– mice (Fig. 6d). Thus, it is likely that most or all of
the hapten-responsive NK cells in sensitized Rag2–/– mice were
contained in the Thy-1+ subset.

To further characterize the hepatic NK cells in Rag2–/– mice, we
analyzed the expression of various activating and inhibitory NK cell
receptors. Mouse NK cells express variable combinations of Ly49
receptors, and the absolute number and relative frequency of NK
cells expressing each Ly49 receptor combination depends on genetic
background25. Flow cytometry demonstrated distinct expression pat-
terns of Ly49 receptors in liver, lymph nodes and spleen, but those
expression patterns were not altered after hapten sensitization
(Fig. 7a). A study of C57BL/6 and C57BL/10 mice has shown that
NK cells expressing Ly49C, a cognate inhibitory receptor for self major
histocompatibility complex (MHC) class Ia molecules, are uniquely
able, relative to other NK cells, to exert effector activity in response to
a variety of stimuli26. To assess whether this self MHC–reactive NK cell
subset acquired hapten-specific memory, we sorted hepatic NK cells
from DNFB-sensitized Rag2–/– C57BL/10 donors based on their
reactivity with a mAb specific for Ly49C and another inhibitory
receptor, Ly49I. Both receptors recognize MHC class I molecules
expressed in C57BL/10 mice27. After adoptive transfer into naive
Rag2–/– or Rag2–/–Il2rg–/– recipients, sensitized Ly49C-I+ cells con-
ferred significantly greater CHS responsiveness than did sensitized
Ly49C-I– NK cells (Fig. 7b). We next analyzed expression of Thy-1
and Ly49C-I on hepatic NK cells in wild-type and Rag2–/– mice
(Fig. 7c). Only a minority (about 13–20%) of Thy-1+ hepatic NK
cells expressed Ly49C-I, and approximately half of the Ly49C-I+ NK
cells in Rag2–/– and wild-type livers did not express Thy-1, indicating

that the hapten-specific Thy-1+ Ly49C-I+ NK cells represent only a
small subset (less than 10%) of hepatic NK cells.

Adhesion molecules in NK cell–mediated CHS

Several studies have addressed the function of adhesion molecules
during the sensitization and challenge phase of CHS. For example,
L-selectin is critical for homing of naive T cells to skin-draining lymph
nodes, where T cells are primed by hapten-presenting dendritic cells28.
When Rag2–/– mice were treated with anti-L-selectin before sensitiza-
tion with DNFB, the hapten-specific CHS response was attenuated
(Fig. 8), suggesting that NK cells may also be primed in lymph nodes.
Subsequently, primed cells must enter the hapten-exposed inflamed
skin. Recruitment of effector T cells to inflamed mouse ears requires
P-selectin and E-selectin, which mediate slow rolling in dermal
venules29. Rolling cells must then engage b2-integrins (CD11–CD18)
to arrest and emigrate into inflamed tissues30. Those traffic rules also
seem to apply to NK cell–mediated CHS responses in DNFB-
sensitized Rag2–/– mice, as blocking antibodies specific for either the
endothelial selectins or CD18 abrogated CHS responses (Fig. 8).

Activating receptor NKG2D in NK cell–mediated CHS

Once NK cells have emigrated into the ear, they must detect and
respond to the local hapten challenge. As haptens cause tissue
irritation, the exposed parenchyma is likely to generate innate
‘distress signals’. NK cells have activating receptors that detect
markers of cellular injury caused by infection, malignant transforma-
tion and other damaging factors25. Possibly the best characterized
of these sensors is NKG2D, which recognizes a group of MHC
class I–related surface proteins that are induced on distressed cells
by certain noxious stimuli31,32. Ligation of NKG2D triggers
functional activation of NK cells, which in the absence of inhi-
bitory signals may then secrete cytokines and exert cytotoxic
effects, leading to local exacerbation of inflammation. Treatment
with a mAb specific for NKG2D before challenge of sensitized
Rag2–/– mice suppressed the ensuing CHS response (Fig. 8).
This effect was not due to depletion of NK cells, as mAb-treated
mice had normal numbers of NK cells in their livers and spleens
(data not shown). These results suggest that NKG2D might contri-
bute to NK cell–mediated CHS owing to its ability to detect certain
stress-induced ligands.

DISCUSSION

The findings presented here have demonstrated a previously unknown
function for NK cells: the ability to acquire selective memory of at least
three chemically distinct foreign molecular entities (DNFB, OXA and
picryl chloride). Using a cross-challenge approach with DNFB and
OXA, we have shown that this memory was hapten specific (for
example, mice exclusively responded to the hapten to which they were
previously sensitized). Further experiments in the DNFB model
demonstrated that NK cell memory was long lived and could be
passively transferred to naive mice by transfusion of a small hapten-
specific subset of primed hepatic NK cells.

The impetus for this work was the unexpected observation that
DNFB-immunized Rag2–/– mice demonstrated normal hapten-
induced inflammation after challenge of either the bladder or the
auricular skin. The last observation is consistent with a report that
noted normal DNFB-induced ear swelling responses in sensitized
nude and SCID mice as well as in mice lacking RAG1 or RAG2
(ref. 15). Our phenotypic analysis of inflammatory cells in challenged
bladders and ear explants showed substantial accumulation of NK cells
in both wild-type and Rag2–/– mice. Those data are in line with studies
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Figure 8 Function of adhesion molecules and NKG2D in CHS responses in

Rag2–/– mice. Rag2–/– mice were treated intravenously with mAbs specific
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in human CHS in which dermal and epidermal inflammatory
infiltrates are marked by an influx of NK cells33. NK cells are
also present, albeit at a low frequency, in normal mouse and human
skin (refs. 33,34 and reported here). Moreover, NK cells represent
approximately 4% of leukocytes in normal human skin-draining
lymph fluid34. These data suggest that NK cells participate in the
physiological immune surveillance of mammalian skin and that after
contact sensitization and renewed exposure to a hapten, NK cells
accumulate rapidly in challenged tissues regardless of whether other
lymphocytes are present.

Given those observations, we hypothesized that NK cells might be
involved in T cell– and B cell–independent CHS. Indeed, double-
mutant mice lacking both T cells and B cells as well as functional NK
cells were unresponsive to hapten challenge, and NK cell depletion in
Rag2–/– but not wild-type mice abolished DNFB-induced CHS. More-
over, nonsensitized mice could be passively immunized to DNFB by
adoptive transfer of purified NK cells from DNFB-sensitized RAG2-
deficient donors. In contrast, adoptive transfer of NK cells from naive
mice or of non–NK leukocytes from sensitized donors did not confer
hapten sensitivity. These experiments establish that NK cells are both
required and sufficient for mediating a potent CHS response in the
absence of other lymphocytes.

Where and how might NK cells become first ‘educated’ about a
sensitizing hapten? There is mounting evidence that homing of
lymphocytes to secondary lymphoid tissues is critical for immune
surveillance and the development of adaptive immunity to regional
antigens35. To respond to a cutaneous hapten challenge, naive lym-
phocytes require L-selectin to home to skin-draining lymph nodes,
where they are activated by antigen-presenting dendritic cells, parti-
cularly Langerhans cells36. Consequently, T cell priming by a sensitiz-
ing hapten and the ensuing CHS response are compromised in
L-selectin-deficient mice owing to a specific defect in homing of
lymphocytes to lymph nodes28. Moreover, mice devoid of lymph
nodes fail to mount CHS responses37. Because treatment of Rag2–/–

mice with anti-L-selectin before sensitization impaired CHS responses,
it is likely that lymph nodes are also the main sites of NK cell priming
for CHS. Indeed, NK cells are effectively recruited to antigen-
challenged lymph nodes, and NK cells have multiple means for
communicating with dendritic cells38,39.

Once the hapten-primed effector cells have returned to the blood,
they require a different set of trafficking molecules for entry into
hapten-exposed inflamed skin. L-selectin is probably not involved in
this migration step, as CHS responses are not affected by the absence
of L-selectin after sensitization28. Instead, leukocyte recruitment to
inflamed skin requires P-selectin and E-selectin, which are constitu-
tively expressed in the lumen of skin venules29,40. A hallmark of skin-
homing leukocytes is their expression of selectin ligands that mediate
slow rolling interactions in selectin-expressing venules. Subsequently,
the rolling cells must activate b2-integrins (CD11–CD18), which bind
endothelial intercellular adhesion molecule 1 to allow the cells to
arrest and emigrate30. NK cells express selectin ligands as well as
b2-integrins41, and our results have shown that both pathways were
required for the induction of a CHS response in DNFB-sensitized
Rag2–/– mice. Thus, NK cells seem to use the same migratory routes
and adhesion pathways that conventional T cells use during the
priming and effector phases of CHS42.

Unexpectedly, hapten-specific memory NK cells and T cells differed
in organ distribution in sensitized mice. Although many studies have
shown that memory T cells are abundant in the spleen, we were unable
to transfer hapten reactivity from sensitized Rag2–/– donors with
spleen-derived NK cells. In contrast, transfer of liver NK cells was

very effective in eliciting contact sensitivity in naive hosts. The
mechanisms resulting in the accumulation of intrinsic memory NK
cells in the liver are still unclear. Notably, a unique function for the
CXCL16-CXCR6 pathway in the retention and survival of NKT cells in
the liver has been demonstrated43. It will be interesting to explore
whether this or other chemokine pathways have a similar function in
NK cell migration or homeostasis in the liver.

Experiments of mAb depletion and adoptive transfer using sorted
liver NK cell subsets have indicated that the transferable memory
activity is concentrated in the Thy-1+Ly49C-I+ fraction, which repre-
sents less than 10% of hepatic NK cells. However, this subset is also
present in the spleen (D.L.D. and U.H.v.A., unpublished data),
indicating that these markers alone are not sufficient to define
hapten-specific NK cell memory. Indeed, although sorted Ly49C-I+

NK cells in the liver were more efficient at conferring hapten
sensitivity than were their Ly49C-I– counterparts, there was
no substantial difference in the number or frequency of hepatic
Ly49C-I+ NK cells before and after hapten sensitization. In fact, the
relative frequency of the Ly49C-I+ subset among all tissue-resident NK
cells was always substantially lower in the liver than in the spleen or
lymph nodes. A similarly biased distribution pattern was also apparent
in the Ly49F+ NK population, suggesting the possibility that pheno-
typically distinct NK cell subsets may be ‘preferentially’ recruited or
retained in certain anatomic compartments based on their individual
NK cell receptor repertoire.

It will be necessary to identify the molecular mechanisms by which
NK cells discriminate between distinct haptens or hapten-modified
macromolecules in the absence of RAG-mediated receptor rearrange-
ment. As NK cells are categorized into many subsets, each character-
ized by a distinct pattern of activating and inhibitory receptors25,44, it
is possible that hapten-specific NK cell memory is rooted in this
population diversity. Moreover, there are substantial differences in the
composition of NK cell receptor loci among different strains of mice45,
which might explain the differential hapten effects in BALB/c versus
C57BL/10 mice. Ly49C is of particular interest in this context. As
mentioned above, the Ly49C-I+ population of hepatic NK cells was
more efficient than the Ly49C-I– hepatic NK cell population in
transferring hapten sensitivity to Rag2–/–Il2rg–/– mice. In contrast,
Ly49C-I+ NK cells were more abundant in the spleen than in the liver,
yet splenic NK cells did not confer hapten sensitivity. Thus, it is
unlikely that Ly49C-I alone could account for hapten recognition by
NK cells. Moreover, hapten sensitization did not detectably alter the
composition of other NK subsets as defined by a panel of antibodies
specific for Ly49 family members and killer cell lectin-like receptor G1
(KLRG1). A change in subset frequency and/or distribution might be
expected if one or more of these receptors were driving hapten-
reactive NK cells to undergo clonal proliferation. Similarly, although
NK cell–mediated CHS could be blocked with anti-NKG2D, the fact
that this activating receptor is expressed on almost all NK cells46,
whereas only a subset of NK cells carry hapten specificity, makes it
unlikely that NKG2D is directly responsible for hapten recognition. Its
function in NK cell–mediated CHS is perhaps more similar to that of
costimulatory molecules on T cells.

Given the considerations discussed above, the possibility that NK
cells have other activating receptors that specifically recognize a given
hapten and/or hapten-modified macromolecule(s) cannot be ruled
out. Lymphocytes in agnathan vertebrates can generate variable
lymphocyte receptors through gene rearrangements that do not
involve RAG proteins47. However, whether a similar system for
RAG-independent somatic diversification exists in NK cells or in
any other cell type in jawed vertebrates has not been determined.
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Finally, given the decades of intense research on hapten-induced
CHS, it is surprising that the function of NK cells has been overlooked
for so long. This may have been due in part to the fact that T cells and
NK cells are by themselves sufficient to maintain normal CHS
responses, at least to DNFB. Consequently, NK cell depletion of
wild-type mice caused only a mild, statistically nonsignificant reduc-
tion in CHS. Similarly, beige mice are known to mount normal CHS
responses despite a lysosomal defect in these mice that renders NK
cells dysfunctional48. A distinct phenotype became apparent only
when we examined double-mutant mice carrying both the beige and
SCID mutation. Conversely, whereas there is abundant evidence that
T cells by themselves can mediate formidable CHS responses7, there is
insufficient published information to rigorously exclude the possibility
of a parallel existence of T cell–independent effector populations.
Studies spanning more than three decades have shown that treatment
of animals with depleting antisera or mAbs specific for antigens
expressed on T cells can eliminate hapten-specific immune responses,
including CHS24,49–51. However, the T cell–associated antigens tar-
geted in those experiments may be shared by other cell types, such as
subsets of NK cells (for example, Thy-1) or dendritic cells. For
example, depletion with anti-CD8a abolishes CHS responses to
DNFB51. However, the so-called lymphoid subset of CD8a+ dendritic
cells is known to interact with NK cells52, and depletion of CD8a+

dendritic cells in nude mice using a mAb has been shown to
compromise NK cell–mediated anti-tumor immunity53.

Many studies have used gene-knockout mice to examine the
function of immune receptors and leukocyte traffic molecules in
CHS responses to several haptens8. Many mutant strains show an
incomplete reduction (or an increase) in CHS, consistent with a
contribution of other effector pathways. However, to identify mechan-
isms critical for all causative agents of CHS, it is most informative to
focus on studies showing a complete absence of CHS in specific
mutant mice. A review of the literature has identified three examples
in which CHS is abolished in mice in which T cells or antigen-
presenting cells are specifically compromised: SCID mice (BALB/c)
responding to OXA15,21; T cell receptor-a-deficient mice (129/J)
responding to picryl chloride54; and b2-microglobulin-deficient mice
(C57BL/6) responding to DNFB51. Those findings are not necessarily
in conflict with our study here. Our observations have indicated that
there are strain-dependent differences in the ability of mice to respond
to OXA, and the modest T cell–independent response to picryl
chloride could be easily missed and is apparently also influenced by
strain-dependent genetic modifiers. The failure of b2-microglobulin-
deficient mice to mount a CHS response to DNFB had been attributed
to the absence of CD8+ T cells in these mice51. However, published
work has shown that self MHC class I recognition by developing
Ly49C+ cells is necessary to enable these cells to achieve functional
competence26. Thus, both MHC class I on unidentified ‘licensing’ cells
and Ly49C on NK cells are necessary for normal NK cell function, at
least in some settings. However, the issue of whether MHC class I
expression is merely necessary to ‘license’ NK cells during their
development26 or has also a direct function in the priming and/or
effector phase of hapten-induced CHS (as is the case for T cell–
mediated immunity) will require further ‘dissection’ of the molecular
mechanisms of hapten recognition by NK cells.

In conclusion, our findings have identified a previously unrecog-
nized function of NK cells as mediators of hapten-specific immunity.
This unexpected activity of NK cells represents a ‘learned’ response
that persists for several weeks and can exquisitely discriminate between
different haptens. Thus, NK cell–mediated CHS features three essential
hallmarks of adaptive immunity: acquired activity, long-lived memory

and antigen specificity. Although several studies have suggested that
the innate immune system can mount adaptive responses in lower
animals4, to our knowledge this is the first observation of a T cell– and
B cell–independent acquired immune response in higher vertebrates.

METHODS
Mice. Rag2–/– mice (C57BL/6 or C57BL/10 background), Rag2–/–Il2rg–/– mice

(C57BL/10), and SCID and SCID � beige mice (both on BALB/c background),

as well as age-, background- and sex-matched wild-type mice were purchased

from Taconic or were bred ‘in-house’. Mice were used at 5–10 weeks of age in

accordance with National Institutes of Health guidelines. All procedures were

approved by the institutional animal committees at both the CBR Institute for

Biomedical Research and Harvard Medical School (Boston, Massachusetts).

Reagents. DNFB, DNBS, picryl chloride and OXA were purchased from Sigma

Fine Chemicals. Anti-asialo-GM1 and rabbit IgG were from Wako Pure

Chemical Industries; anti-NKG2D was from BioLegend; phycoerythrin-

conjugated goat anti-rat IgG was from ImmunoResearch; and anti-E-selectin

(9A9) was purified from culture supernatant of hybridoma cells. All other

antibodies were from BD Biosciences.

Bladder DTH protocol. On day 0 and day 1, female mice were painted with

25 ml DNFB (0.5% in acetone) on shaved dorsal skin. On day 5, mice were

anesthetized, the hair surrounding the genitalia was removed with epilating

creme (Nair; Carter Products) and the exposed skin was cleaned with alcohol.

With the help of a dissecting microscope, a polyethylene catheter 10 cm in

length (0.28-mm internal diameter and 0.61-mm outer diameter; Becton

Dickinson) was introduced transurethrally into the bladder and was advanced

until resistance was apparent. To minimize dilution and reflux of inocula, urine

was drained by application of gentle suprapubic pressure. Mice were then

challenged by instillation of freshly prepared DNBS (2 mg in 50 ml sterile 0.9%

NaCl) into the bladder. To ensure consistent contact of the compound with the

‘urothelium’, the bladder was drained 30 min later and the injection was

repeated. Controls included sensitized mice treated with intravesical instillation

of sterile saline and nonsensitized mice challenged with DNBS. At 48 h after

challenge, the bladder was removed and was used either for standard histology

or for analysis of leukocyte content. For the latter, bladders were dissected

longitudinally and were digested with mild agitation for 30 min at 37 1C with

400 U/ml of collagenase-D (Roche) plus 100 mg/ml of DNAseI (Roche).

Bladders were then placed on a 70-mm nylon mesh cell strainer (BD Bioscience)

and were dissociated into single-cell suspensions. Washed cells were counted

with a hemocytometer and were stained for flow cytometry.

Ear CHS protocol. On day 0 and day 1, shaved dorsal skins of mice were

painted with 0.5% DNFB or 10% OXA in 25 ml acetone. Alternatively, mice

were immunized on day 0 with 7% picryl chloride (VeZerf Laborsynthesen) in

100 ml acetone. On day 5, the right ear was challenged with 0.25% DNFB or 1%

OXA or 1% picryl chloride (10 ml to each side) and the left ear was painted with

vehicle (acetone). Ear thickness to the first cartilage ridge was measured 24 h

later with a micrometer (Mitutoyo). To account for acute hapten-induced

irritation, background swelling was measured in parallel with that of non-

sensitized mice. Hapten-specific ear swelling was calculated as follows: (treated

ear thickness – control ear thickness) – background swelling. Results were

highly reproducible when measurements made by three independent investi-

gators (who in most experiments were ‘blinded’ to treatment protocol)

were compared.

Culture of ear skin sheets. DNFB-challenged and vehicle-exposed ears of

DNFB sensitized mice were removed 24 h after challenge, were sterilized with

70% ethanol and were separated along the cartilage with a forceps. The skin

sheets were then placed for 14 h on top of 1 ml media (RPMI medium with

10% FCS and standard supplements) containing 100 ng/ml of CCL21 (R&D

Systems), 100 nM leukotriene B4 (Biomol) and 500 U/ml of recombinant

human IL-2 (Roche). Emigrated leukocytes in the media were counted with a

hemocytometer and their phenotype was analyzed by flow cytometry.

NK cell purification and adoptive transfer. Rag2–/– mice were injected

subcutaneously with B16 melanoma cells that secrete the ligand for the receptor
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tyrosine kinase Flt3 (Flt3L), which caused NK cell proliferation55,56. After 9 d,

mice were assigned to one of two groups: one group was sensitized with DNFB

(0.5% in 50 ml) on day 9 and day 10; the second group remained unsensitized.

On day 12, NK cells were purified from splenocyte samples after red blood cell

lysis (using ‘ACK’ lysis buffer) and from the liver with digestion with 400 U/ml

of collagenase D (Roche Diagnostics; 37 1C for 30 min) followed by passage

through a 40-mm filter, ACK lysis and 30 min of centrifugation over a Percoll

gradient (40–60%; Amersham Biosciences). Samples were further enriched for

NK cells by negative selection with Dynabeads (Dynal Biotech ASA) with

depleting mAbs to Gr-1, I-Ab and Ter119 or to CD4, CD8a and Ter119. The

negative selection step was omitted when liver NK cells were sorted separately.

NK cells were then stained with phycoerythrin-labeled DX5 mAb and/or anti-

Ly49C-I (5E6) and were sorted to more than 95% purity on a FACSVantage

DiVa cell sorter (Becton Dickinson). Sorted NK cells were adoptively trans-

ferred into recipient mice by tail vein injection.

Immunofluorescence. Ear tissue was collected and was immediately frozen in

optimum cutting temperature compound (Tissue-Tek). Sections 7 mm in

thickness were cut onto poly-L-lysine-coated glass slides (Sigma Diagnostics),

were fixed in 100% cold acetone for 10 min, were air-dried at 25 1C and were

stored at –70 1C. For staining, slides were air-dried at 25 1C and were blocked

with 5% mouse serum containing 3% BSA in PBS, pH 7.4. Phycoerythrin-

conjugated anti-NK1.1 (PK136; Pharmingen) and purified anti-CD31

(MEC13.3; Pharmingen) were diluted in blocking solution and were used at

a concentration of 1 mg/ml or 2.5 mg/ml, respectively. Sections were stained for

1 h at 25 1C with primary antibodies. CD31 was detected by incubation with

carbocyanine-conjugated goat anti-rat IgG (Jackson ImmunoResearch). As a

negative control, species-specific isotype-matched irrelevant antibodies were

used. Sections were counterstained with 300 nM 4,6-diamindino-2-phenyl-

indole (Molecular Probes).

Statistical analysis. All data are presented as mean ± s.e.m. and were analyzed

by unpaired, one-way analysis of variance (ANOVA) with the Bonferroni

multiple-comparison test unless specified otherwise. Significance was set at a

P value of less than 0.05.
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