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Contact hypersensitivity (CHS) is a cutaneous im-
mune reaction mediated mainly by antigen-specific
effector T cells and is regarded as a model for Th1/
Tc1-mediated inflammation. However, recent reports
have suggested pivotal roles of B cells in CHS. CD19
serves as a positive B-cell response regulator that de-
fines signaling thresholds critical for B-cell re-
sponses. In the current study, we assessed the role of
the B-cell-specific surface molecule CD19 on the de-
velopment of CHS by examining CD19-deficient mice.
Although CD19-deficient mice are hyposensitive to a
variety of transmembrane signals, CD19 loss resulted
in increased and prolonged reaction of CHS, suggest-
ing an inhibitory role of CD19 expression in CHS.
Sensitized lymph nodes and elicited ear lesions from
CD19-deficient mice exhibited Th1/Tc1-shifted cyto-
kine profile with increased interferon-� expression
and decreased interleukin-10 expression. Adoptive
transfer experiments revealed that CD19 expression
in recipient mice was required for optimal suppres-
sion of CHS response, indicating its role in the elici-
tation phase. Furthermore, spleen B cells, especially
marginal zone B cells, from wild-type mice were able
to normalize exaggerated CHS reactions in CD19-de-
ficient mice. Thus, CD19 expression in B cells is crit-
ical for termination of CHS responses, possibly
through the function of regulatory B cells. (Am J

Pathol 2007, 171:560–570; DOI: 10.2353/ajpath.2007.061279)

Delayed-type hypersensitivity and related contact hyper-
sensitivity (CHS) are cutaneous immune reactions medi-
ated by antigen-specific effector T cells. The CHS re-
sponse develops in two distinct phases: sensitization and
elicitation. In mice, the CHS sensitization phase is devel-
oped by primary skin painting immunization on the body
with reactive hapten antigen. Then CHS effector T cells
are activated by binding to complexes of antigen pep-
tides and major histocompatibility complex molecules on
antigen-presenting cells. Cytokines produced by Tc1
cells [interferon (IFN)-�], Th1 cells [interleukin (IL)-2,
IFN-�, and tumor necrosis factor-�], Th2 cells (IL-4 and
IL-10), and Langerhans cells (IL-12 and IL-18) are essen-
tial for the optimal initiation of sensitization phase.1–3

Subsequently, CHS elicitation phase is induced by re-
exposure via painting the same reactive hapten at a
separate skin site. Soon after the elicitation of the local
secondary response by antigen challenge, very small
numbers of circulating sensitized antigen-specific T cells
are recruited into the extravascular space at the skin
challenge site from the circulation and then interact again
with antigen/peptide-major histocompatibility complexes
on antigen-presenting cells. Activated T cells release
proinflammatory cytokines such as IFN-�, which induce
local tissue cells to produce chemokines that recruit and
activate an infiltrate of bone marrow-derived leukocytes,
leading to characteristic late 24- to 48-hour effector re-
sponses.4–8 It is known that in the elicitation phase the
main effector cells are IFN-�-producing CD8� Tc1
cells.9–11 Thus, CHS is a model for type 1-mediated
inflammation.5,6

Recent studies on B cells have demonstrated that B
cells regulate immune responses via various ways that
had not been previously appreciated. In addition to Ig
secretion, B cells have crucial roles such as antigen
presentation, cytokine production, and the regulation of
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lymphoid organogenesis, effector T-cell differentiation,
and dendritic cell (DC) function. Accordingly, B cells
have been demonstrated to play significant roles in the
circumstances in which B cells had not been considered
to participate primarily. Indeed, recent reports suggest
important roles of B cells in CHS. For example, mice
exposed to contact allergen showed an increase in the
percentage of antigen-specific B-1 cells in the draining
lymph nodes (LNs).6,12 In the early phase of elicitation,
likewise, IgM/IgG isotype antibodies (Abs) produced by
B cells are critical for mast cell and platelet activation,
resulting in an increased vascular permeability via re-
lease of serotonin and tumor necrosis factor-�.13–15 Be-
cause B-cell fate and function are tightly regulated by
signal transduction through B-cell receptor (BCR) and
functionally interrelated cell-surface receptors, such as
CD19, CD21, CD22, CD40, CD72, and Fc�RIIb,16 mod-
ulation of these receptors may be a potential strategy for
regulating CHS and other disorders mediated by type 1
response. Among them, CD19 is generally considered a
positive B-cell response regulator that governs intrinsic
and stimulant-dependent signaling thresholds in B
cells.17 CD19 is a member of the Ig superfamily ex-
pressed only on B cells and follicular DCs.18 CD19 func-
tions as a specialized adapter protein regulating Src
family protein tyrosine kinases, phosphatidylinositol 3-
kinase, and Vav and thus serves as a key molecule for
multiple signaling pathways crucial for modulating basal
and BCR-induced signals.19–23

In the current study, we assessed the roles of CD19 in
CHS. Surprisingly, although B cells from CD19-deficient
(CD19�/�) mice are hyposensitive to a variety of trans-
membrane signals,24–26 CD19 loss resulted in increased
and prolonged reactivity of CHS, suggesting an inhibitory
role of CD19 expression in the etiology of CHS.

Materials and Methods

Mice

C57BL/6 and BALB/c wild-type mice were purchased
from Clea Japan Inc. (Tokyo, Japan). CD19�/� (C57BL/
6 � 129) mice were generated as described24 and back-
crossed onto C57BL/6 strain 12 times. All mice used were
8 to 12 weeks of age and were housed in a specific
pathogen-free barrier facility. All studies and procedures
were approved by the Animal Committee of International
Medical Center of Japan.

Sensitization and Elicitation of CHS

Mice were sensitized with 25 �l of 0.5% 2,4-dinitrofluoro-
benzene (DNFB; Sigma-Aldrich, St. Louis, MO), in ace-
tone and olive oil (4:1), on shaved abdominal skin for 2
consecutive days. Five days later, CHS was elicited by
applying 20 �l of 0.25% DNFB on the right ear. The left
ear was treated with acetone/olive oil alone. Ear thickness
was measured in a blinded manner with a micrometer
(Mitutoyo, Kawasaki, Japan) before and after the chal-

lenge for 240 hours, every 24 hours. The degree of CHS
was determined as swelling of the hapten-challenged ear
compared with that of the vehicle-treated ear and was
expressed in mm � 10�2 (mean � SEM). Mice that were
ear challenged without previous sensitization also served
as negative controls. As for sensitization with fluorescein
isothiocyanate (FITC), 400 �l of 0.5% FITC (Sigma-Al-
drich) in acetone and dibutylphthalate (1:1) was applied
on shaved abdominal skin of each mouse, followed by
loading 20 �l of 0.5% FITC on the right ear and acetone/
dibutylphthalate alone on the left ear (control) 5 days
later. Ear thickness was evaluated as was in that of
DNFB-elicited mice.

Histology

Ear samples were taken before and 24 and 120 hours
after DNFB challenge and fixed in 4% formalin for
routine histology with hematoxylin and eosin (H&E)
staining. Alternatively, for immunohistological staining,
samples were frozen in OCT compound (Sakura Fine-
teck, Torrance, CA). Cryostat-cut tissue sections were
fixed in acetone for 5 minutes and incubated with 10%
normal rabbit serum in phosphate-buffered saline
(PBS) (10 minutes, 37°C) to block nonspecific staining.
Sections were then incubated with rat monoclonal Abs
specific for mouse macrophages (F4/80; BD PharMin-
gen, San Diego, CA), CD4 (RM4-5; BD PharMingen),
CD8 (53-6.7; BD PharMingen), and B220 (RA3-6B2;
BD PharMingen) at predetermined optimal concentra-
tion. Rat IgG (Southern Biotechnology, Birmingham,
AL) was used as a control for nonspecific staining.
Sections were incubated sequentially (20 minutes,
37°C) with a biotinylated rabbit anti-rat IgG and then
horseradish peroxidase-conjugated avidin-biotin com-
plexes (Vectastain ABC kit; Vector Laboratories, Bur-
lingame, CA). Sections were developed with 3,3�-dia-
minobenzidine tetrahydrochloride and hydrogen
peroxide and then counterstained with methyl green.
The sections were examined with �20 objective. Infil-
trated cells were counted per one field of view. Five
fields of view were selected at random in one section,
and three samples were examined per each staining.

Adoptive Cell Transfer of Immune Response

Donor mice were treated with DNFB as above. Inguinal
LN cells were harvested 5 days later from the same
number of donors as recipients, and a mixture of 5 � 106

cells was adoptively transferred intravenously, in 0.25 ml
of PBS. B cells (2 � 106 cells) or T cells (2 � 106 cells)
were alternately isolated from inguinal LN cell suspen-
sions by autoMACS (Miltenyi Biotec, Auburn, CA) using
anti-B220-coupled microbeads or anti-Thy-1.2-coupled
microbeads, respectively (Miltenyi Biotec), and also
transferred intravenously. To collect peritoneal B-1 cells,
5 ml of PBS was injected into the abdominal cavity of
sensitized mice 5 days after sensitization and then re-
claimed, followed by B220�CD5� B-1 cell isolation by
flow cytometry sorting using an Epics Altra flow cytometer
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(Beckman Coulter, Miami, FL). Splenocytes were also
harvested from DNFB-treated mice 5 days after sensiti-
zation or nonimmunized mice. B cells and T cells were
further isolated from single cell suspensions by au-
toMACS (Miltenyi Biotec) using anti-B220-coupled mi-
crobeads and anti-Thy-1.2-coupled microbeads, respec-
tively. In addition, splenic marginal zone (MZ) B cells
were purified by sorting CD21highCD23low cells from
splenocytes using an Epics Altra flow cytometer (Beck-
man Coulter). CD19� DCs were purified by sorting
CD11c�CD19� cells by a flow cytometer from splenic
cell suspensions that were prepared after a 1-hour incu-
bation of spleen with collagenase D (Roche Diagnostics,
Basel, Switzerland). Purity of each isolated population
was always 95 to 98%. Then, splenocytes (2 � 107 cells),
peritoneal B-1 cells (2 � 106 cells), splenic B-2 cells (107

cells), splenic T cells (107 cells), splenic MZ B cells (2 �
106 cells), or splenic CD19� DCs (1 � 105 cells) were
transferred intravenously to the recipients indicated. Ear
thickness of the recipients, at least five mice per group,
was measured with a micrometer before the transfers.
Twenty-four hours later, the recipients were challenged
on the right ear with 20 �l of 0.25% DNFB as above and
on the left ear with acetone/olive oil alone. The subse-
quent increases in ear thickness were determined at 24,
120, and 240 hours after challenge. The thickness of the
control ears was subtracted from experimental re-
sponses to yield net ear swelling.

Immunofluorescence Analysis

Inguinal LNs were harvested from wild-type and CD19�/�

mice 5 days after the sensitization with DNFB. LNs from
nontreated mice were used as control. Single cell sus-
pensions were stained for two- and/or three-color immu-
nofluorescence analysis at 4°C using FITC-conjugated
anti-CD8, FITC-conjugated anti-CD25, phycoerythrin-
conjugated anti-CD4, and phycoerythrin-Cy5-conjugated
anti-Thy1.2 mAbs (BD PharMingen) at predetermined op-
timal concentrations for 20 minutes as described.27

Erythrocytes were lysed after staining using FACS lysing
solution (Becton Dickinson, San Jose, CA). Labeled cells
were analyzed on an Epics Altra flow cytometer (Beck-
man Coulter) with fluorescence intensity shown on a
4-decade log scale. Positive and negative populations of
cells were determined using unreactive isotype-matched
Abs (Southern Biotechnology) as controls for back-
ground staining.

Mixed Leukocyte Reaction

Spleen CD4� T cells from C57BL/6 wild-type mice,
C57BL/6 CD19�/� mice, and BALB/c wild-type mice
were isolated from spleen cell suspensions by autoMACS
using anti-CD4-coupled microbeads (Miltenyi Biotec).
Splenic DCs were isolated using anti-CD11c-coupled mi-
crobeads (Miltenyi Biotec) after a 1-hour incubation of
spleen with collagenase D (Roche Diagnostics) at 37°C.
The isolated CD4� T cells were stained with 2 �mol/L

carboxyfluorescein diacetate succinimidyl ester (CFSE)
using a Vybrant CFDA SE cell tracer kit (Molecular
Probes, Eugene, OR). CD4� T cells from C57BL/6 wild-
type and CD19�/� mice and DCs from BALB/c mice, or
CD4� T cells from BALB/c mice and DCs from C57BL/6
wild-type and CD19�/� mice, were mixed at the indicated
concentrations in RPMI 1640 culture medium including
10% bovine serum albumin, 10 mmol/L HEPES, and 55
�mol/L 2-mercaptoethanol and then incubated in 96-well
round-bottomed culture plates at 37°C under 5% CO2

concentration. Five days later, CFSE fluorescence inten-
sity of the surviving CD4� T cells was analyzed using an
Epics Altra flow cytometer (Beckman Coulter). Cells were
stained by 5 �g/ml propidium iodide (Sigma-Aldrich),
and proliferation potency of CD4� T cells and antigen-
presenting capability of DCs were measured via the size
of cells (forward scatter), viability (propidium iodide up-
take), and degree of cell division (CFSE fluorescence
intensity).

Quantitative Reverse Transcription-Polymerase
Chain Reaction (RT-PCR)

Inguinal LNs taken 2 days after DNFB sensitization and
ear specimens taken before and 24 and 120 hours after
the DNFB challenge were homogenized in Isogen S
(Wako, Tokyo, Japan), and total RNA was isolated follow-
ing the instructions of the user’s manual. RNA concentra-
tion was determined using NanoDrop (NanoDrop Tech-
nologies, Wilmington, DE) by A260 value of the samples.
Total RNA was reverse transcribed to cDNA using a
reverse transcription system with random hexamers (Pro-
mega, Madison, WI). Quantitative RT-PCR was per-
formed using the TaqMan system (Applied Biosystems,
Foster City, CA) on an ABI Prism 7000 sequence detector
(Applied Biosystems) according to the manufacturer’s
instructions. TaqMan probes and primers for IFN-�, IL-2,
IL-4, IL-10, IL-12 p40, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were purchased from Applied
Biosystems. Relative expression of real-time PCR prod-
ucts was determined using the ��CT technique. Non-
treated inguinal LNs from wild-type mice were used as
the calibrator. Briefly, each set of samples was normal-
ized using the difference in threshold cycle (CT) between
the target gene and housekeeping gene (GAPDH): �CT

� (CT target gene � CT GAPDH). Relative mRNA levels were
calculated by the expression 2���CT, where ��CT �
�CT sample � �CT calibrator. Each reaction was performed
at least in triplicate.

Statistical Analysis

All data are shown as mean values � SEM. Mann-
Whitney U-test was used for determining the level of
significance of differences between sample means. A P
value less than 0.05 was considered statistically significant.
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Results

CD19�/� Mice Exhibit Exaggerated CHS
Reactions

To assess whether CD19 expression has a role in CHS,
CD19�/� and wild-type mice were challenged with DNFB
after sensitization, and ear swelling was measured before
and every 24 hours after challenge. DNFB-induced in-
crease of ear thickness was observed as early as 12
hours after challenge and was significantly higher in
CD19�/� mice than in wild-type mice at 24 hours (P �
0.05; Figure 1A). In wild-type mice, ear swelling reached
peak at 24 hours after challenge, then decreased grad-
ually, and returned to normal approximately at 72 hours
(Figure 1A). By contrast, CD19�/� mice significantly ex-
hibited prolonged and enhanced swelling of the chal-
lenged ear, which remained for more than 240 hours
(Figure 1A). Thus, CD19�/� mice demonstrated aug-
mented and prolonged CHS reactions to DNFB. This
increased response was not limited to CHS against
DNFB, because CD19�/� mice exhibited similarly aug-
mented response to FITC application (Figure 1B), al-
though somewhat less remarkable than DNFB applica-
tion. Thus, CD19�/� mice are more susceptible to CHS.
The degree of CHS reaction was also assessed his-
topathologically. Cellular infiltrate and edema were ob-

served in the DNFB-painted ears of both CD19�/� and
wild-type mice 24 hours after challenge (Figure 2). The
majority of the infiltrating cells were polymorphonuclear
cells and lymphoid cells in both mice, although the num-
ber of infiltrating cells was markedly higher by threefold in
CD19�/� mice. The degree of edema was similarly en-
hanced in CD19�/� mice. As for the ear specimens taken
120 hours after challenge, cell infiltration and edema
almost disappeared in wild-type mice, whereas the ears
of CD19�/� mice still contained many infiltrating cells,
accompanied with hyperkeratosis and acanthosis (Figure
2). Therefore, CD19�/� mice exhibit more severe CHS
response, both clinically and pathologically, than wild-
type mice.

CD8� T-Cell Infiltration Is Increased in the
Inflamed Ear of CD19�/� Mice with CHS
Reaction

The profile of infiltrating cells in the ear lesion was further
examined immunohistologically. At 24 hours, there was
more infiltration of macrophages, polymorphonuclear
cells, and lymphocytes in the inflamed ear of CD19�/�

mice than that of wild-type mice (Figure 3). The frequency
of CD8� T cells was 1.6-fold higher in CD19�/� mice than
in wild-type mice (P � 0.01), and polymorphonuclear
cells also infiltrated in high rate (200% of wild type, P �
0.01). Consequently, CD4/CD8 ratio of the infiltrating T
cells was significantly lower in the inflamed ear of
CD19�/� mice than that of wild-type mice (2.6 in wild-
type and 1.2 in CD19�/� mice at 24 hours, P � 0.01;
Figure 3). This profile of infiltrating cells at 24 hours was
similar to that at 120 hours except for polymorphonuclear
cells, which were no longer observed at 120 hours (Fig-
ure 3). B-cell infiltration was not observed in wild-type or
CD19�/� mice (data not shown). There was no difference
in numbers of CD4� or CD8� T cells or CD4/CD8 T-cell
ratios in blood, LNs, or spleens between naive wild-type
and CD19�/� mice (Figure 4 and data not shown). In
addition, there was no significant difference of
CD4�CD25� regulatory T-cell numbers in inguinal LNs
between wild-type and CD19�/� mice both before and
after sensitization (Figure 4). However, the ratio of CD8�

T cells both in inguinal LNs and spleens increased after
sensitization with DNFB in CD19�/� mice, compared with
wild-type mice [21.5 � 1.4% in wild-type LN (n � 5)
versus 31.4 � 1.9% in CD19�/� LN (n � 5), P � 0.01;
Figure 4 and data not shown]. Therefore, CD8� T-cell
activation appeared relatively exaggerated in the CHS
response in CD19�/� mice compared with wild-type
mice.

Increased IFN-� and Decreased IL-10
Expression in CHS Reactions of CD19�/� Mice

Figure 5 shows cytokine mRNA expression in DNFB-
sensitized inguinal LNs. Inguinal LNs were harvested
from wild-type and CD19�/� mice 2 days after sensitiza-
tion, and cytokine expression was analyzed by quantita-

Figure 1. Augmented CHS reaction in CD19�/� mice. A: Wild-type and
CD19�/� mice were sensitized by epicutaneous application of 0.5% DNFB,
and thickness of ear lobes challenged with 0.25% DNFB or carrier (control)
5 days later was measured at indicated time points. B: Wild-type and
CD19�/� mice were sensitized and challenged by application of 0.5% FITC
or carrier (control), and thickness of ear lobes were measured. Each exper-
iment included five to seven mice and was repeated at least three times. *P �
0.05, **P � 0.01.
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tive RT-PCR. IFN-� mRNA expression was slightly but not
significantly elevated in LNs from CD19�/� mice com-
pared with those from wild-type mice (Figure 5A). Expres-
sion levels other Th1/Tc1 cytokines including IL-2 and
IL-12 p40 were equivalent between wild-type and
CD19�/� mice. By contrast, Th2 cytokine expressions,
such as IL-4 and IL-10, were decreased in LNs from
CD19�/� mice compared with those from wild-type mice
(IL-4, 57% of wild type; IL-10, 33% of wild type; Figure
5A). This tendency was similar in DNFB-painted ears.
CHS-elicited ears of wild-type and CD19�/� mice were
resected 24 hours after paint, and mRNA expression of
each ear extract was assessed. mRNA analysis of DNFB-
painted ears of CD19�/� mice demonstrated significantly
increased expressions of IFN-� and IL-2 � 10-fold and
5-fold, respectively, whereas IL-10 expression was sig-
nificantly decreased to 38% of wild-type mice (Figure
5B). These data suggest that cytokine profiles are shifted
to Th1/Tc1 in the CHS reaction of CD19�/� mice.

CD19 Expression in Recipient Mice Influenced
the Duration of CHS Reactions

To determine the phase of CHS responses that CD19
expression regulates, inguinal LN cells from wild-type
mice were adoptively transferred to unsensitized
CD19�/� mice or unsensitized wild-type mice 5 days

after sensitization. Then, 24 hours after cell transfer, 20 �l
of 0.25% DNFB was loaded onto the ear of recipient
CD19�/� mice or wild-type mice. As in Figure 6A, ear
swelling at 24 and 48 hours was comparable between
recipient CD19�/� mice and wild-type mice. By contrast,
ear swelling remained significantly augmented in
CD19�/� mice at 120 and 240 hours, when CHS reaction
already ceased in wild-type mice (Figure 6A). Likewise,
when inguinal LN cells of sensitized CD19�/� mice were
adoptively transferred to naive CD19�/� mice or naive
wild-type mice, there was no significant difference in ear
swelling between recipient CD19�/� mice or wild-type
mice at 24 and 48 hours, whereas recipient CD19�/�

mice showed significantly increased response than re-
cipient wild-type mice at 120 and 240 hours (Figure 6A).
When the donor cells were from CD19�/� mice, the mag-
nitude of the responses tended to be slightly exagger-
ated at 24 and 48 hours compared with the case in which
sensitized wild-type LN cells were used (120% at 24
hours and 140% at 48 hours), although the differences
were not significant. Therefore, although CHS is fully
transferable to naive mice with sensitized LN cells from
the donor wild-type or CD19�/� mice, CD19 deficiency in
the recipient mice prolongs the duration of the responses
once CHS is induced. Collectively, these results suggest
that CD19 expression in recipient mice is required for the
optimal late-phase suppression of the CHS reactions.

Figure 2. Histopathology of CHS-elicited ear pinnae in wild-type and CD19�/� mice. Wild-type and CD19�/� mice were sensitized and challenged by DNFB as
in Figure 1A. Representative sections before sensitization with DNFB (A), 24 hours after elicitation (B), and 120 hours after elicitation (C) of ear lobes from
wild-type mice (top) and CD19�/� mice (bottom). The sections were stained with H&E. Original magnifications, �200.
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B Cells from Sensitized LNs Suppress
Augmented CHS Reaction in Recipient
CD19�/� Mice

Next, T cells or B cells were purified from inguinal LNs
from sensitized mice and were transferred to wild-type or
CD19�/� mice. T cells were able to induce initial CHS
reactions at the magnitude similar with those observed in
whole cell transfer (Figure 6, A and B). CHS did not occur
when B cells alone were transferred to naive mice (Figure
6C). Although acute CHS responses at 24 hours were

similar between whole cell transfer and T-cell transfer,
augmented CHS responses in recipient CD19�/� mice
were more obvious and enhanced compared with recip-
ient wild-type mice at 48 to 240 hours when T cells alone
were transferred from wild-type or CD19�/� mice (Figure
6, A and B). Recipient wild-type mice showed normal
course and intensity of CHS responses regardless of the
presence or absence of B cells from sensitized donor
mice or genotype of donor mice (Figure 6, A and B). By
contrast, whereas recipient CD19�/� mice mounted sim-
ilar responses between whole inguinal LN cell transfer
from wild-type mice and from CD19�/� mice (Figure 6A),
T-cell transfer from CD19�/� mice induced a more en-
hanced reaction in recipient CD19�/� mice at 120 and
240 hours than T-cell transfer from wild-type mice (2.3-
and 2.2-fold increase at 120 hours and 240 hours, re-

Figure 3. Profile of infiltrating cells in CHS lesion in wild-type and CD19�/�

mice. The numbers of total infiltrating cells (A), CD4� T cells and CD8� T
cells (B), macrophages (D), and polymorphonuclear cells (E) per one field
of view (�200) in the DNFB-challenged ear lobes were counted. In C the rate
of CD4� T cells and CD8� T cells is shown based on the numbers in B.
*P � 0.05, **P � 0.01.

Figure 4. T lymphocytes present in LNs from CD19�/� mice before or after
sensitization. Inguinal LNs were harvested before or after sensitization with
DNFB in wild-type and CD19�/� mice. In A, cells were stained with anti-CD4
and anti-CD8 Abs and analyzed by two-color flow cytometric analysis.
Numeric characters (%) indicate the rates of CD4� cells and CD8� cells in
total lymphoid cells. In B, Thy1.2� cells were gated and examined for CD4
and CD25 expression by three-color flow cytometric analysis. Numeric char-
acters (%) in B indicate the rate of CD25� cells in CD4� cells in wild-type
mice and CD19�/� mice before and after sensitization. Results represent
those obtained with five mice.

Figure 5. Cytokine expression in LNs and ear lobes of wild-type and
CD19�/� mice. Inguinal LNs 2 days after sensitization (A) and ear lobes 24
hours after elicitation (B) were collected from wild-type and CD19�/� mice
(five per group), and RNA was extracted from the specimens. The mRNA
levels of IFN-�, IL-2, IL-12 p40, IL-4, and IL-10 were analyzed by quantitative
RT-PCR and normalized with internal control GAPDH. Data are shown as
mean � SEM from five mice. *P � 0.05, **P � 0.01.
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spectively; Figure 6B). Especially, comparison between
whole cell transfer and T-cell transfer from CD19�/� mice
into recipient CD19�/� mice demonstrated that T-cell
transfer induced significantly enhanced ear swelling than
whole cell transfer at 120 hours by 1.6-fold (Figure 6, A
and B). Therefore, although weaker than wild-type B
cells, even CD19�/� B cells from sensitized LNs are also
likely to have an inhibitory effect, which was obvious
when recipient mice were deficient with CD19 expres-
sion. In addition, when inguinal LN T cells from sensitized
CD19�/� mice and inguinal LN B cells from sensitized
wild-type mice were simultaneously transferred into
CD19�/� mice, wild-type B cells also showed an inhibi-
tory effect on CHS response in CD19�/� mice (data not
shown). Collectively, whereas late-phase B cell-mediated
suppression was dominantly dependent on CD19 ex-
pression in recipient mice, sensitized B cells from donor
mice also had an additive inhibitory effect onto CHS
reaction when wild-type B cells were absent in recipient
mice.

Proliferation Potency of T Cells and Antigen-
Presenting Capacity of DCs Are Comparable
between Wild-Type and CD19�/� Mice

The above data suggest that CD19 expression in B cells
of nonimmune recipient mice suppresses CHS reaction
and also that sensitized LN B cells are likely to have an
inhibitory role especially when recipient mice lack CD19
expression. However, B-cell infiltration was not observed
in the challenged ear of wild-type mice or CD19�/� B
cells (data not shown). Therefore, to test the possibility
that intrinsic defect in T cells or DCs have an influence on

augmented CHS reaction in CD19�/� mice, mixed leuko-
cyte reaction was performed. First, CFSE-stained CD4� T
cells from C57BL/6 wild-type or CD19�/� mice were
mixed with splenic DCs from BALB/c wild-type mice in
the indicated concentrations. After a 5-day incubation,
the rate of proliferated T cells was analyzed by flow
cytometric analysis. As shown in Figure 7B, there was
found no significant difference in the rate of proliferated T
cells through the stimulation of BALB/c DCs between
wild-type and CD19�/� mice. Next, CFSE-stained CD4�

T cells from BALB/c mice were mixed with splenic DCs
from C57BL/6 wild-type or CD19�/� mice. DCs from wild-
type and CD19�/� mice similarly stimulated BALB/c
CD4� T cells (Figure 7C). Consequently, proliferation
potency of T cells and antigen-presenting capacity of
DCs in vitro are considered comparable between wild-
type and CD19�/� mice.

Spleen Cells from Sensitized Mice Have an
Inhibitory Effect on CHS

In Figure 8, spleens were harvested from DNFB-sensi-
tized wild-type or CD19�/� mice and used for adoptive

Figure 6. Adoptive cell transfer of LN cells in CHS reaction. Whole cells (A),
T cells (B), and B cells (C) were prepared from inguinal LNs of sensitized
wild-type or CD19�/� mice and transferred to unsensitized mice as indi-
cated. CHS was elicited 24 hours after transfer using DNFB. Ear thickness was
measured as in Figure 1, and the ear swelling values indicate the difference
between the ear thickness before and after each time point. Each experiment
included three mice and was repeated at least three times. *P � 0.05,
**P � 0.01.

Figure 7. In vitro T-cell and DC function in CD19�/� mice. A: Proliferation
of splenic CD4� T cells from CD19�/� and wild-type mice in response to
anti-TCR Ab. CFSE fluorescence intensity of CD4� T cells 5 days after
incubation. The rate of cells with reduced fluorescence intensity, ie, T cells
with cell division, were regarded as the index reflecting cell proliferation and
used in B and C. B: Proliferative response of splenic CD4� T cells from
CD19�/� and wild-type mice by allogeneic DCs in mixed leukocyte reaction
assays. Splenic CD4� T cells of C57BL/6 wild-type or CD19�/� mice were
stained with CFSE, mixed with splenic DCs of BALB/c mice, and incubated
for 5 days. The rate of the cells with reduced CFSE intensity was measured.
C: Capacity of splenic DCs from CD19�/� and wild-type mice to stimulate
allogeneic CD4� T cells in mixed leukocyte reaction assays. Splenic CD4� T
cells of BALB/c wild-type mice, stained with CFSE, were mixed with splenic
DCs of C57BL/6 wild-type or CD19�/� mice and incubated for 5 days. The
rate of the T cells with reduced CFSE intensity was measured as in B.
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cell transfer analysis. CHS was elicited in unsensitized
recipient mice to which splenic cells were transferred. It
is of note that CHS reaction in naive CD19�/� mice
ceased normally when spleen cells from wild-type mice
were transferred, which contrasted with inguinal LN cell
transfer (Figures 6A and 8A). Nonetheless, when spleen
cells from sensitized CD19�/� mice were transferred to
naive wild-type or CD19�/� mice, CHS response was
augmented and prolonged as was observed in inguinal
LN cell transfer (Figures 6A and 8A): ear swelling was
comparable between recipient wild-type and CD19�/�

mice at 24 hours, whereas ear swelling remained signif-
icantly higher in recipient CD19�/� mice at 48, 120, and
240 hours compared with recipient wild-type mice (Fig-
ure 8A). Therefore, augmented CHS reaction of CD19�/�

mice is suppressed to normal when spleen cells from
sensitized wild-type mice were transferred, indicating an
inhibitory role of spleen cells from wild-type mice, but not
from CD19�/� mice.

Spleen B Cells from Wild-Type Mice Suppress
Augmented CHS Reaction in CD19�/� Mice

To investigate further the inhibitory feature of spleen cells,
sensitized spleen cells were isolated to B cells or T cells
and transferred to naive wild-type or CD19�/� mice (Fig-
ure 8, B and C). Sensitized spleen T cells were capable
of eliciting the CHS reaction (Figure 8B), and CHS was
not induced by B cells alone (Figure 8C). Importantly,
sensitized spleen T cells from wild-type mice did not
amend the prolonged ear swelling in CD19�/� mice at
120 and 240 hours (Figure 8B), whereas the CHS reac-
tion normally ceased when whole spleen cells from sen-
sitized wild-type mice were transferred to CD19�/� mice
(Figure 8A). Furthermore, when spleen B cells from sen-

sitized wild-type mice were transferred to CD19�/� mice,
ear swelling was suppressed to the levels in wild-type
mice (Figure 9A). Consequently, splenic B cells from
wild-type mice are suggested to have some inhibitory
role in amending the prolonged CHS reactions in
CD19�/� mice.

Splenic MZ B Cells of Wild-Type Mice Have an
Inhibitory Role in CHS

Next, to examine the inhibitory mechanisms of B cells,
sera, peritoneal B-1 cells, and spleen MZ B cells as well
as whole spleen B cells were harvested from sensitized
or nonimmune wild-type mice and then transferred to
CD19�/� mice that were sensitized 5 days before. Re-
cipient CD19�/� mice were elicited for CHS 24 hours
after transfer. By contrast to splenic B cells, neither sera
nor peritoneal B-1 cells from sensitized wild-type mice
affected ear swelling in CD19�/� mice (Figure 9A). No-
tably, however, the CHS reaction of CD19�/� mice nor-
mally ceased by CD21highCD23low MZ B-cell transfer
from sensitized wild-type mice (Figure 9A). Furthermore,
this suppression was equally observed when whole
spleen B cells or MZ B cells was retained from naive
wild-type mice that had not been sensitized with DNFB

Figure 8. Adoptive cell transfer of spleen cells in CHS reaction. Whole
splenocytes (A), splenic T cells (B), and splenic B cells (C) were isolated
from spleen of sensitized wild-type or CD19�/� mice, and transferred to
unsensitized mice as indicated. CHS was elicited 24 hours after transfer. Ear
swelling was assessed as described in Figure 6. Each experiment included
three mice and was repeated at least three times. *P � 0.05, **P � 0.01.

Figure 9. Adoptive transfer of sera and B-cell subsets in CHS reaction. Sera,
peritoneal B-1 cells, splenic B-2 cells, and splenic MZ B cells from wild-type
mice 5 days after sensitization (A) or before sensitization (B) were trans-
ferred to CD19�/� mice. CHS was elicited 24 hours after transfer. Ear swelling
was assessed as described in Figure 6. Each experiment included three mice
and was repeated at least three times. *P � 0.05, **P � 0.01.

Inhibitory Role of CD19 in CHS 567
AJP August 2007, Vol. 171, No. 2



(Figure 9B). Therefore, spleen MZ B cells of wild-type
mice have an intrinsic inhibitory role in CHS.

Recently a novel population of murine splenic DCs
expressing CD19 has been described.28,29 CD19� DCs
have been demonstrated to play a suppressive role in
T-cell-mediated immunity.30 To assess the possibilities
that the inhibition of CHS responses by transferring wild-
type splenic B cells resulted from the contamination of
CD19� splenic DCs and/or that the augmented CHS
responses observed in CD19�/� mice was attributable to
the lack of CD19� splenic DCs, we performed transfer
experiments of splenic CD19� DCs from wild-type mice
in CHS (Figure 10). Splenic CD19� DCs from sensitized
wild-type mice were isolated and injected into sensitized
CD19�/� mice, followed by elicitation with DNFB. How-
ever, the exaggerated CHS reaction in CD19�/� mice
was not altered by CD19� DCs from wild-type mice.

Discussion

CD19 is a B-cell-specific transmembrane molecule that
positively regulates B-cell response to a range of extra-
cellular signals.31,32 B cells from CD19�/� mice are hy-
posensitive to various stimuli,24–26 and consequently
CD19�/� mice generally exhibit an immunodeficient phe-
notype. However, the current study has demonstrated
that CHS was more intense and prolonged in CD19�/�

mice than in wild-type mice (Figure 1). This was consis-
tent with cytokine profiles of the skin and LNs, which were
shifted to Th1/Tc1, in CD19�/� mice (Figure 5). CD19
expression primarily influences elicitation phase rather
than sensitization phase (Figure 6), and the duration of
CHS reactions depends on CD19 expression in recipient
mice in the transfer experiments. Nonetheless, because T
cells from sensitized CD19�/� mice can induce stronger
CHS reactions in unsensitized CD19�/� mice than those
from sensitized wild-type mice (Figure 6, A and B), sen-
sitized LN B cells also seem to have an inhibitory func-
tion. Considering that B cells were absent in the lesion
and that no functional defects in T cells and DCs from
CD19�/� mice have been identified so far (Figure 7), the
lack of CD19 expression in LN or spleen B cells seemed
to influence effector T-cell activation and/or differentia-
tion. Furthermore, transfer of LN or spleen B cells from
sensitized wild-type mice can rescue the exaggerated
response in CD19�/� mice (Figures 6, 8, and 9), directly
suggesting the presence of B cells that have an inhibitory

function in CHS. Importantly, MZ B cells from wild-type
mice can resolve augmented CHS response in CD19�/�

mice (Figure 9). In addition, MZ B cells from naive wild-
type mice can also achieve the same suppression. Col-
lectively, CD19 expression in B cells is important for the
suppression of CHS reaction.

Although it is generally considered that CHS is medi-
ated mainly by CHS effector T cells, recent studies have
suggested that B cells also have some important roles in
eliciting CHS reactions. For instance, the local recruit-
ment of effector T cells at the secondary challenge de-
pends on a cascade involving antigen-specific IgM.33

Furthermore, pan-B cell-deficient JH�/� mice,33 B-cell-
deficient �MT mice,34 and Btk-defective Xid mice with
B-1 cell deficiency and partial B-2 cell deficiency35 have
defective CHS responses, suggesting that CHS-initiating
IgM Abs are produced by the B-1 cells in the thoracic
and peritoneal cavity.33 The current study has demon-
strated that altered B-cell function can also enhance or
prolong CHS responses. Intriguingly, CD19�/� mice
show significantly reduced number of B-1 cells in the
peritoneal cavity.24,25 Serum Ig levels, especially IgM
and IgG levels, are saliently decreased in CD19�/�

mice.24 Both CD19 and Btk are critical signaling mole-
cules that regulate B-cell development, activation, and
survival.32,36 Although CD19 and Btk partially function
along common signaling pathways,37 CD19�/� mice and
Xid or Btk�/� mice exhibit resembling but different phe-
notypes. For instance, Xid or Btk�/� mice lack B-1a cells,
whereas B-1a population is decreased but present in
CD19�/� mice. In addition, Xid mice have a decreased
number of B-1b cells,38 whereas CD19�/� mice have
normal number of B-1b cells.39 Consequently, Xid mice
are hyporesponsive to T-cell-independent type 2 antigen
whereas CD19�/� mice exhibit hyperresponsiveness.26

Besides, Btk�/� mice show augmented expressions of
both Th1 and Th2 cytokines in immune responses,40

whereas CD19�/� mice show Th1-shifted cytokine bal-
ance.40 In the current study, serum transfer or peritoneal
B-1 cell transfer did not alter CHS reaction (Figure 9),
suggesting that augmented CHS responses in CD19�/�

mice were not caused by B-1 cell functions or CHS-
initiating IgM. CD19�/� mice have a normal number of
B-1b cells, which may be sufficient for CHS induction.
Alternatively, since another recent study has demon-
strated augmented CHS response in Btk�/� mice,40 mice
strain difference for the dependency on IgM and/or B-1
cells may exist in CHS.

Recent studies have emphasized B cells as an im-
portant source of IFN-�,41– 43 whereas B cells down-
regulate Th1 response via the release of IL-10.44,45 In
our study, increased IFN-� and decreased IL-10 mRNA
expressions in CD19�/� mice were demonstrated,
compared with wild-type mice, both in sensitized in-
guinal LNs and in CHS-elicited lesions (Figure 6).
These data suggest that cytokine balance is shifted to
Th1/Tc1 in CD19�/� mice during CHS responses. In
addition, we have previously demonstrated that CD19
expression influences IL-10 and IFN-� productions
from B cells positively and negatively, respectively.46

Recently, effector B cells have been proposed to be

Figure 10. Adoptive transfer of splenic CD19� DCs in CHS reaction. Splenic
CD19� DCs from wild-type mice 5 days after sensitization were sorted and
then transferred to CD19�/� mice that were also sensitized 5 days before.
PBS-injected wild-type or CD19�/� mice served as controls. CHS was elicited
24 hours after transfer. Ear swelling was assessed as described in Figure 6.
Each experiment included three mice and was repeated at least three times.
*P � 0.05, **P � 0.01.

568 Watanabe et al
AJP August 2007, Vol. 171, No. 2



classified into effector B-1 (Be1) cells and effector B-2
(Be2) cells.47 Furthermore, a line of studies have indi-
cated that IL-10-producing regulatory B cells exist and
play important roles in suppression of various diseases
in mice and humans, including inflammatory bowel
disease, experimental autoimmune encephalomyelitis
(EAE), arthritis, and systemic lupus erythemato-
sus.44,45,48 –52 The augmented Th1 response in the
absence of CD19 expression was also observed in
EAE,46 in which CD19�/� mice exhibited higher clinical
and pathological severity scores than wild-type mice
and demonstrated specific increase of CD8� T cells in
spinal cord. Although the results in EAE and CHS have
similarity, transferred wild-type B cells rescued aug-
mented response of CHS but not EAE in CD19�/�

mice.46 Instead, transferred CD19�/� B cells exacer-
bated EAE induced in wild-type mice. Thus, it can be
postulated that Be1 cells play a major role in exacer-
bating EAE in CD19�/� mice and that the absence of
regulatory B cells is responsible for augmented CHS
reaction in CD19�/� mice. It remains unknown how
CD19 regulates cytokine production. However, be-
cause CD19 regulates BCR-induced phosphorylation
of STAT1,53 which has a critical role in IFN-induced
response, alterations in STAT1 function by CD19 loss
may affect the signaling pathway leading to lopsided
cytokine manifestation. In addition, phosphatidylinosi-
tol 3-kinase deficiency results in skewed cytokine
profile to Th1 in DCs.54 Because CD19 regulates phos-
phatidylinositol 3-kinase activation,23,37,55 similar sig-
naling mechanisms may also exist in B cells. Collec-
tively, the loss of CD19 expression in B cells leads to
the augmented Th1 cytokine production from B cells,
which may exaggerate Th1/Tc1 responses mediated
by T cells probably through the interaction in LNs and
spleen. B cell-T cell interactions with B-cell antigen
presentation favors Th2, rather than Th1, differentia-
tion.56,57 Therefore, impaired ability of B-cell antigen
presentation in CD19�/� mice can lead to Th1-directed
T-cell balance, resulting in increased IFN-� and de-
creased IL-10 expression.

Several conclusions can be obtained from adoptive
transfer experiments. First, CD19 expression in recipient
mice (naive wild-type B cells) is required for normal ter-
mination of CHS. Second, sensitized LN B cells either
from wild-type or CD19�/� mice also have some inhibi-
tory function when they were implanted to CD19�/� mice.
By contrast, splenic CD19� DCs, which have been re-
cently demonstrated to suppress T-cell responses, did
not modify the prolonged CHS reaction in CD19�/� mice.
Third, transfer of splenic B cells, specifically MZ B cells,
from naive wild-type mice can suppress augmented CHS
in CD19�/� mice. Intriguingly, CD19�/� mice are known
to lack MZ B cells.58 Therefore, CD19 affects the devel-
opment of MZ B cells, which may contain the fraction of
regulatory B cells. Because MZ B cells share phenotypic
and functional features with recently proposed regulatory
B cells,48,59–62 CD19 may be critical for the development
and function of regulatory B cells.
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