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Experimental hypersensitivity pneumonitis: Role of
MCP-1

MARK SCHUYLER, KATHERINE GOTT, and AMY CHERNE

ALBUQUERQUE, NEW MEXICO

Inhalation of Saccharopolyspora rectivirgula causes “farmer’s lung” disease, a
classic example of hypersensitivity pneumonitis (HP). Monocyte chemoattractant
protein-1 (MCP-1) is increased in the bronchoalveolar lavage fluid of mice chal-
lenged with S rectivirgula, and S rectivirgula induces MCP-1 secretion by alveolar
macrophages. We tested the hypothesis that MCP-1 and its receptor CC chemokine
receptor-2 (CCR2) are essential to the development of experimental HP by treating
mice with MCP-1 antibody and using CCR2�/� mice. Administration of anti–MCP-1
did not change the response to intratracheally administered S rectivirgula. CCR2�/�

animals responded in a fashion similar to that of wild-type animals to intratracheally
administered.S rectivirgula. To determine the influence of the MCP-1–CCR2 interac-
tion in vitro, we transferred S rectivirgula–cultured spleen cells from S rectivirgula–
sensitized mice, to naı̈ve recipients. Later, challenge of the recipients with intratra-
cheal S rectivirgula and examination of both lung histology and bronchoalveolar
lavage fluid characteristics were used to determine whether adoptive transfer had
occurred. We found that cultured cells from CCR2�/� animals were fully capable of
adoptive transfer. We conclude that interaction of MCP-1 with CCR2 is not neces-
sary for the development of pulmonary inflammation in response to intratracheally
administered S rectivirgula or cells able to adoptively transfer experimental HP. (J
Lab Clin Med 2003;142:187-95)

Abbreviations: ANOVA � analysis of variance; BALF � bronchoalveolar lavage fluid; CCR2 �
CC chemokine receptor-2; EHP � experimental hypersensitivity pneumonitis; FLD � “farmer’s
lung” disease; HEPA � high-efficiency particulate air; HP � hypersensitivity pneumonitis; HSD �
honestly significant difference; IFN-� � interferon-�; IL � interleukin; MCP � monocyte che-
moattractant protein; MIP-1� � macrophage inflammatory protein-1�; SEM � standard error
of the mean; Th � T-helper; TNF � tumor necrosis factor

H ypersensitivity pneumonitis is a group of lung
diseases that result from repeated pulmonary
exposure to various organic, antigenic materi-

als with uncertain immunopathogenetic mechanisms.1

Inhalation of Saccharopolyspora rectivirgula causes
FLD, a classic example of HP. HP is characterized by
neutrophilia in BALF (within 48 hours of inhalation),
followed by BALF lymphocytosis.2 Chemokines that
can cause chemotaxis of lymphocytes (eg, MIP-1�,
MCP-1, and IL-8) are present in BALF and are released
by alveolar macrophages from patients with acute
HP.3,4

We found that 1 intratracheal exposure of mice to S
rectivirgula induced a remarkable increase of BALF
MIP-1� and MCP-1 that preceded BALF neutrophilia,
lymphocytosis, and increase of macrophages. We also
noted a marked increase of BALF IL-2, IL-6, and, to a
lesser extent, IL-1� and TNF. Murine macrophages
(both a cell line and alveolar macrophages) produced
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the chemokines listed above when stimulated with S
rectivirgula.5 These data suggest that local chemokine
production is responsible for later influx of cells into
compartments assessable to bronchoalveolar lavage
and that macrophages represent a possible source of
these substances.

Chemokine responses are mediated by the interaction
of the soluble chemokine proteins with receptors be-
longing to the superfamily of 7-transmembrane G pro-
tein–coupled receptors. Eleven different CC-family
chemokine receptors have been characterized. CCR2 is
the major MCP-1 receptor, and MCP-1 binds to CCR2
with high affinity.6-8

In addition to chemotaxis, chemokines can influence
differentiation of lymphocytes into Th1 or Th2 cells,
with MCP-1 promoting Th1 cell development. Because
our model of EHP appears to be mediated by Th1
cells,9 we hypothesized that absence of MCP-1 effect
would decrease the expression of EHP.

We therefore tested the hypothesis that MCP-1–
CCR2 interaction increases the development of EHP by
treating mice with MCP-1 antibody and using mice
deficient in CCR2, the major receptor for MCP-1.

METHODS

Animals. CCR2�/� pairs (C57BL/6J � 129/Ola back-
ground) were a gift of Gary Huffnagle (University of Mich-
igan, Ann Arbor, Mich). Male B6129PF2 wild-type, C57Bl/6
(Jackson Laboratory, Bar Harbor, Maine), and male
CCR2�/� mice were housed under laminar-flow hoods with
HEPA-filtered air in the Veterinary Medical Unit, fully ac-
credited by the American Association for Accreditation of
Laboratory Animal Care.

Antigen. S rectivirgula was prepared as previously de-
scribed.9-11

Study design. Our primary outcome was measurement of
the extent of pulmonary histologic abnormalities, but we also
measured BALF cell types and counts. BALF cytokine and
chemokine measurements were used to characterize the in-
flammatory milieu within the lung.

To measure the effect of anti–MCP-1, we administered 0.5
mg of polyclonal rabbit anti–MCP-1 or phosphate-buffered
saline solution intraperitoneally in 0.2 mL 1 hour before and
24 and 72 hours after 7.2 �g/g of intratracheally administered
S rectivirgula to C57Bl/6 mice. Animals were killed at 96
hours. This schedule was based on previous work that dem-
onstrated effectiveness of in vivo treatments with anti-
MCP.12-14 We generated polyclonal rabbit anti–MCP-1 by
immunizing rabbits with murine recombinant MCP-1 (R&D
Systems, Minneapolis, Minn) in multiple intradermal sites
with complete Freund’s adjuvant. Serum was purified in a
protein A column.

To assess the direct effect of intratracheally administered S
rectivirgula on CCR2�/� and wild-type mice, we anesthe-
tized mice and injected lyophilized S rectivirgula, suspended
in sterile pyrogen-free normal saline solution, into the trachea

by mouth. Mice were killed 3 days (cytokine and chemokine
levels) or 4 days (histologic study and BALF cells) thereafter.
These times were chosen because cytokine levels peak 72
hours after intratracheal administration of S rectivirgula5 and
because histologic changes peak at 96 hours.15

We also measured the ability of cultured cells from sensi-
tized CCR2�/� and wild-type mice to transfer EHP to mice of
the same strain. Mice were immunized with 1 intratracheal
injection of S rectivirgula and killed 4 days thereafter. Spleen
cells were cultured with S rectivirgula (30 �g/mL) for 72
hours. The cells of RPMI-1640 media (Life Technologies,
Gaithersburg, Pa) were then injected into naı̈ve recipients,
which were challenged 8 days thereafter with intratracheally
administered S rectivirgula and killed 6, 24, 48, or 96 hours
thereafter.

BALF. BALF cells were obtained by means of lavage with
6 washes (1 mL each) of normal saline solution. The super-
natant from the first 3 combined washes was frozen at �70°C
for later chemokine and cytokine analysis.

Cytokines and chemokines. Cytokines and chemokines
were measured with the use of an enzyme-linked immunosor-
bent assay. Unknown samples were compared to a standard
curve of corresponding recombinant mouse cytokine or che-
mokine.

Histologic study. The lungs were inflated with formalin
under 20 cm of water pressure for 48 hours and embedded in
a single paraffin block, after which a 5-�m section waqs cut
and stained with hematoxylin and eosin. The slides were
evaluated without knowledge of treatment. The area covered
by an eyepiece grid (0.99 � 0.99 mm at a magnification of
100� magnification) was judged to be normal or abnormal.
An abnormal field is one with increased number of cells in the
interstitium or alveoli or both. An average of 300 fields was
evaluated from each mouse (50% of the area under the
coverslip). This method yields reproducible results (r � .89
for duplicate readings of 301 animals).16

Data analysis. We analyzed BALF cellular data, cyto-
kines, chemokines, and the extent of histologic changes with
the use of ANOVA and Tukey’s conservative HSD procedure
for post hoc testing. We considered P values of less than .05
significant. Post hoc tests of significance with multiple
ANOVA were then applied.17

RESULTS

Effect of anti–MCP-1. The rabbit anti–MCP-1 prepara-
tion could block at least 40 ng/mL of MCP-1 and did
not cross-react with IL-4, IL-5, IL-6, IL-10, IL-12p40,
IL-12p70, IL-13, IL-16, TNF, transforming growth fac-
tor-�, or MIP-1�. Treatment of mice with anti–MCP-1
did not change (t test) the extent of pulmonary his-
topathologic findings in response to 7.2 �g/g intratra-
cheally administered S rectivirgula (6.9 � 2.2, mean,
sem) compared with that in animals treated with an
equal volume of phosphate-buffered saline solution
(8.6 – 3.4), nor did it change the number or character-
istics of BALF cells (data not shown).
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CCR2�/� animals. The extent of histologic abnormal-
ities in both the CCR2�/� and wild-type mice was
dependent on the amount of S rectivirgula administered
but not the type of animal (P � .05, CCR2�/� vs
wild-type; Fig 1, two-way ANOVA).

We noted an increase in BALF cells in both wild-
type and CCR2�/�mice after administration of every
dose of S rectivirgula (Table I). The total numbers of
macrophages and eosinophils were the same in the
wild-type and CCR2�/� animals. We found small dif-
ferences in the total number of lymphocytes (CCR2�/�

� wild-type, multiple ANOVA). The numbers of cells,
macrophages, lymphocytes, neutrophils, and eosino-
phils were related to the amount of S rectivirgula ad-
ministered, and we found no differences among the
strains (P � .05, multiple ANOVA).

The amount of S rectivirgula administered was re-
lated to MCP-1, MIP-1�, and IL-12p40 levels (P � .05,
multiple ANOVA). We noted differences between the
wild-type and CCR2�/� mice with regard to MCP-1
and MIP-1� (CCR2�/� 	 wild-type) and IL-12p40
(CCR2�/� � wild-type) (Table II). This increase in
MCP-1 and MIP-1� and decrease in IL-12p40 in
CCR2�/� compared with those in wild-type mice is
similar to results reported by others.18-21

Adoptive transfer of EHP. In both wild-type and
CCR2�/� animals, transfer of cultured spleen cells
conferred the ability to respond with more extensive
pulmonary histologic abnormalities (compared with an-
imals administered medium) to an intratracheal chal-
lenge with S rectivirgula (Fig 2).

In both CCR2�/� and wild-type mice, we found
extensive infiltration of the perivascular and peribron-
chiolar areas with a mixture of lymphocytes, macro-
phages, and plasma cells (Fig 3), similar to findings in
C3H/HeJ, C57Bl/6, A/J, and BALB/c mice.10,22

We found minor differences with regard to total
BALF cell number (Fig 4), with increased numbers of
cells in wild-type animals that received transferred cells
compared with those that received RPMI-1640. Both
strains exhibited increased numbers of lymphocytes in
cell recipients compared with RPMI recipients.
CCR2�/� animals that had received transferred cells
had increased numbers of neutrophils. Two-way
ANOVA with the factors of strain and treatment (RPMI
or cells) demonstrated that treatment (ie, RPMI or cells)
was related (P � .05) to the number of cells and
neutrophils, with no difference between the strains. The
total numbers of lymphocytes were different between
the strains, as well as between treatments, with more
lymphocytes in the wild-type than in the CCR2�/�

animals. We found few eosinophils, with no differences
between groups.

We found an increase of IL-12p40 in wild-type ani-
mals that received cells and RPMI, with a peak at 48
hours (Fig 5; multiple ANOVA, P � .05). We also
found an increase in IL-6 in wild-type animals that
received cells compared with that in CCR2�/� animals
that received cells (Fig 6; multiple ANOVA, P � .05).

We analyzed culture supernatants to determine the
cytokine-secreting profiles of injected cells and found
that the supernatants from the CCR2�/� animals pro-
duced less IFN-� than those from the wild-type animals
(Table III). IL-12p40, IL-18, IL-6, and IL-1� were
detected in the supernatants, with no difference be-
tween strains.

DISCUSSION

HP is characterized by the appearance of neutrophils
(�48 hours) and then (	5 days) lymphocytes in
BALF.2 The mechanisms of BALF neutrophilia and
lymphocytosis may include the effects of chemokines,
which have been detected in the BALF of patients with
HP.3,4 Chemokines are a family of small, discrete che-
motactic proteins that are divided into different group-
ings depending on their structure. CC chemokines do
not have another amino acid between the first 2 of 4
conserved cysteines and preferentially attract mono-
cytes, eosinophils, basophils, and lymphocytes.23

MCP-1, known as JE in the mouse, is a prominent
member of the CC-chemokine family that is apparently
important in pathologic conditions associated with
monocyte/macrophage infiltration such as atherosclero-
sis,24 rheumatoid arthritis,25 experimental allergic en-
cephalomyelitis,26 idiopathic pulmonary fibrosis,27

Fig 1. Extent of pulmonary histologic abnormalities in animals ad-
ministered different amounts of S rectivirgula (SR) intratracheally.
Animals were killed 96 hours after receiving the specified amount of
S rectivirgula. Percent abnormal, percentage of 300 microscopic
fields/animal that were abnormal. Bars represent the mean of 6 or 7
experiments; error bars denote SEM. *P � .05 vs 0 �g/g S recti-
virgula (ANOVA with Tukey’s HSD procedure).
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acute respiratory distress syndrome,28 psoriasis,29 ex-
perimental glomerulonephritis,30 diabetes,31 and allo-
graph rejection.32 MCP-1 is produced by many differ-
ent cell types, such as types I and II alveolar cells,
monocytes, endothelial cells, macrophages, fibroblasts,
mast cells, keratinocytes, and smooth-muscle cells.33-36

The ligand for MCP-1 is CCR2, which is expressed
on monocytes, activated T-cells, B-cells, natural killer
cells, fibroblasts, and mast cells.23,37,38 CCR2 is 1 of a
family of 7 transmembrane-spanning receptors that af-
fect cells by way of interaction with different G-pro-
teins. Although MCP-1 is the principal agonist for
CCR2, other agonists include MCP-2, MCP-3, MCP-4,
MCP-5, and human immunodeficiency virus Tat.39-43

However, in mice, only MCP-1, MCP-3, and MCP-5
bind CCR2.

In summer-type HP, the most common cause of HP
in Japan, BALF MCP-1 concentration has been show to

correlate with BALF lymphocyte count.4 In rats with
immune complex–mediated lung injury, there is an
increased amount of BALF monocyte chemotactic ac-
tivity that could be neutralized by antibody to MCP-1,
markedly increased expression of alveolar macrophage
MCP-1 messenger RNA, and increased in vitro secre-
tion of MCP-1 from alveolar macrophages.44 MCP-1
levels are increased after bleomycin treatment in rats
from days 3 to 21.45

We previously demonstrated that intratracheal. ad-
ministration of S rectivirgula, the agent that causes
FLD in human beings, caused the appearance of sub-
stantial amounts of MCP-1 in BALF, which preceded
later increases of BALF neutrophil and mononuclear
cell counts.5 Therefore our findings of increased S
rectivirgula–induced BALF MCP-1 that preceded the
influx of lymphocytes suggest that MCP-1 is responsi-
ble for cellular influx into BALF.

Table I. BALF cell characteristics 96 hours after intratracheal S rectivirgula

S rectivirgula
(�g/g body wt) Total Cells Macrophages Lymphocytes Neutrophils Eosinophils

B6129 wild-type
0 4.6 � 1.1 4.6 � 1.0 0.07 � 0.02 .003 � .002 .001 � .001
3.6 9.9 � 2.1 7.9 � 1.3 1.5 � 0.7 0.53 � 0.31 .02 � .01
7.2 16.3 � 1.4 12.5 � 0.9 2.3 � 0.7 1.5 � 0.5 .04 � .01
14.4 25.8 � 3.5 18.3 � 1.9 2.2 � 0.6 5.3 � 2.8 .04 � .01
28.8 51.4 � 8.6* 26.3 � 3.3* 2.1 � 0.5 22.7 � 5.7* .36 � .23

CCR2�/�

0 5.5 � 1.4 5.4 � 1.3 0.05 � 0.02 0.02 � 0.01 0 � 0
3.6 10.2 � 1.1 9.1 � 1.2 0.30 � 0.10 0.8 � 0.2 .07 � .03
7.2 18.6 � 1.6 15.1 � 1.0 0.57 � 0.17 2.8 � 0.9 .08 � .03
14.4 26.8 � 3.6* 21.0 � 3.4* 0.48 � 0.16 5.1 � 1.1 .16 � .12
28.8 51.9 � 8.7* 29.2 � 7.2* 1.7 � 1.3 20.7 � 7.8* .38 � .15

Data expressed as mean � SEM of 6 or 7 experiments. All values are � 10�5.
*P � .05 vs S rectivirgula.

Table II. BALF cytokine and chemokine characteristics 72 hours after intratracheal S rectivirgula

S rectivirgula
(�g/g body wt) MCP-1 MIP-1� IL12p40 IL1� TNF IL6 IL18

B6129 wild-type
0 762 � 329 44 � 7 58 � 21 27 � 6 1228 � 149 516 � 78 106 � 13
3.6 863 � 371 35 � 8 581 � 405 26 � 7 462 � 182 386 � 98 110 � 13
7.2 899 � 391 37 � 5 855 � 313 29 � 4 1350 � 187 551 � 43 136 � 20
14.4 1112 � 250 47 � 8 3083 � 1370*† 40 � 9 873 � 287 615 � 123 123 � 22
28.8 1817 � 631*† 51 � 6*† 2246 � 822 48 � 14 1146 � 299 928 � 284 128 � 21

CCR2�/�

0 727 � 297 39 � 7 48 � 20 23 � 6 662 � 208 335 � 54 104 � 13
3.6 1104 � 433 38 � 9 157 � 49 32 � 7 918 � 180 598 � 69 84 � 23
7.2 1925 � 599 41 � 9 154 � 35 35 � 8 1040 � 144 682 � 122 64 � 5
14.4 4230 � 785 61 � 8 278 � 73 45 � 5 973 � 306 701 � 120 95 � 14
28.8 22,885 � 3572* 97 � 11* 241 � 51 41 � 8 983 � 288 783 � 82 113 � 24

Data expressed as mean � SEM of 6–7 experiments (picograms per milliliter).
*P � .05 vs S rectivirgula (ANOVA with Tukey’s HSD correction); †P � .05, wild type vs CCR2�/�.
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However, many other potential chemotactic factors
are present in the lungs of subjects exposed to the
agents that cause HP and in our model of EHP in mice,
such as complement fragments and other chemokines.
Therefore it is not clear that MCP-1 is responsible for
BALF mononuclear cell influx in our model.

In addition to its chemotactic activity, MCP-1 influ-
ences the differentiation of antigen-specific CD4� cells
by promoting the development of Th1 cells.46 In our
model, cells from sensitized mice cultured with an S
rectivirgula extract transfer increased sensitivity to in-
tratracheally administered S rectivirgula, as defined by
the extent of pulmonary inflammation.15 The cells that
effect the transfer are CD4� with Th1 characteristics;
Th1, but not Th2, cell lines are able to transfer EHP.9,47

We tested the hypothesis that MCP-1 enhances the
development of EHP. Our first approach was to block
MCP-1 activity in vivo using antibody. We found no
effect of anti–MCP-1 on the pulmonary histologic or
BALF response using a schedule that others have dem-
onstrated to be effective.12-14 The use of neutralizing
antibodies to ablate the influence of a cytokine or
chemokine may not be effective as a result of dose or
schedule issues. In addition, antibody can cause the
formation of antigen-antibody complexes and induce
complement mediated tissue injury.

Because MCP-1–deficient mice are not readily avail-
able, we used CCR2–deficient mice to determine the
influence of MCP-1 on EHP. Compared with wild-type
animals, CCR2-deficient mice exhibit decreased48,49

tissue inflammation when confronted with inflamma-
tory stimuli or infection. They also demonstrate re-

duced delayed-type hypersensitivity reactions and
granuloma formation49,50 and are more susceptible to
infections with Listeria51 Leishmania,52 central ner-
vous system coronavirus,53 and Cryptococcus21 and
exhibit decreased macrophage recruitment into the lung
after infection with influenza.18 These mice also exhibit
increased airway reactivity after sensitization to As-
pergillus20 and resistance to experimental allergic en-
cephalomyelitis.54 In general, CCR2-deficient animals
exhibit a decreased Th1 response, with reduced produc-
tion of Th1 cytokines such as IFN-�50,54 and IL-12 and
increased production of IL-4 and IL-5,21

We therefore compared the histologic and BALF
response to one intratracheal injection of S rectivirgu-
lain wild-type and CCR2�/� animals. We found no

Fig 2. Extent of pulmonary histologic changes in recipients of cul-
tured cells or medium. Animals were killed 96 hours after adminis-
tration of an intratracheal challenge with 7.2 �g/g S rectivirgula.
Cells, animals given 20 � 106 cultured (72 hours, 30 �g/mL S
rectivirgula) spleen cells from sensitized animals 8 days before
intratracheal S rectivirgula challenge; RPMI, animals given medium
only, 8 days before intratracheal S rectivirgula challenge. Bars denote
the mean value of 6 to 9 experiments; error bars indicate SEM. *P
� .05 vs RPMI animals (ANOVA with Tukey’s HSD procedure).

Fig 3. Pulmonary histologic findings in wild-type and CCR2�/� mice
96 hours after intratracheal injection of 7.2 �g/g S rectivirgula.
Animals had received 20 � 106 cultured spleen cells from sensitized
mice 8 days before challenge with S rectivirgula. A, Wild type.
Hematoxylin and eosin stain; original magnification 400�. Note
extensive perivascular, peribronchiolar, and alveolar infiltration with
a mixture of neutrophils, macrophages, and lymphocytes. B, bron-
chiole. Arrow denotes perivascular and peribronchiolar infiltrate. B,
CCR2�/�. Hematoxylin and eosin stain; original magnification
400�. Note extensive perivascular, peribronchiolar, and alveolar
infiltration with a mixture of neutrophils, macrophages, and lympho-
cytes. B, bronchiole; V, vessel. Arrow denotes perivascular and peri-
bronchiolar infiltrate.
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difference with regard to the extent or characteristics of
pulmonary histologic abnormalities in CCR2�/� mice
compared with wild type animals (Fig 1). The degree of
pulmonary inflammation as reflected by BALF cell
characteristics was related to the amount of S rectivir-
gula administered and not to the mouse strain, with
minor isolated differences in lymphocyte counts (Table
I). The amount of MCP-1 was increased in the BALF of
the CCR2�/� animals (Table II), similar to observa-

tions in other systems.18-21 We could not predictably
detect IFN-� in the BALF of our animals, but the
amount of BALF IL-12p40 was decreased in the
CCR2�/� animals.

We did not find decreased numbers of macrophages
and increased numbers of neutrophils and eosinophils
in the BALF of CCR2-deficient mice compared with
wild-type mice (Table I), as reported previously after
intraperitoneal injection of thioglycollate.49 This may
be related to differences of stimuli (thioglycollate vs S
rectivirgula), anatomic site (peritoneum vs lung), or
timing (36 vs 96 hours). Moore and colleagues likewise
reported no difference of pulmonary inflammation in
CCR2�/� and wild-type mice 1 week after intratracheal
injection of fluorescein isothiocyanate, despite later dif-

Fig 4. BALF cells in recipients of cultured cells or medium. Animals
were killed 96 hours after being administered an intratracheal chal-
lenge with 7.2 �g/g S rectivirgula. Cells, animals given 20 � 106

cultured (72 hours, 30 �g/mL S rectivirgula) spleen cells from
sensitized animals 8 days before intratracheal S rectivirgula chal-
lenge; RPMI, animals given medium only, 8 days before intratracheal
S rectivirgula challenge. Bars represent mean value of 6 to 9 exper-
iments; error bars denote SEM. *P � .05 vs RPMI animals
(ANOVA with Tukey’s HSD procedure).

Fig 5. BALF IL12p40 in recipients of cultured cells or medium.
Animals were killed at various times after receiving an intratracheal
challenge with 7.2 �g/g S rectivirgula. Bars represent the mean value
of 6 to 8 experiments; error bars denote SEM. Cells, animals ad-
ministered 20 � 106 cultured (72 hours, 30 �g/mL S rectivirgula)
spleen cells from sensitized animals 8 days before intratracheal S
rectivirgula (SR) challenge; RPMI, animals administered medium
only, 8 days before intratracheal S rectivirgula challenge. Multiple
ANOVA, wild-type 	 CCR2�/� mice (P � .05).

Fig 6. BALF IL-6 in recipients of cultured cells or medium. Animals
were killed at various times after receiving an intratracheal challenge
with 7.2 �g/g S rectivirgula (SR). Bars represent the mean value of
6 to 8 experiments; error bars denote SEM. Cells, animals adminis-
tered 20 � 106 cultured (72 hours, 30 �g/mL S rectivirgula) spleen
cells from sensitized animals 8 days before intratracheal S rectivir-
gula challenge; RPMI, animals administered medium only, 8 days
before intratracheal S rectivirgula challenge. ANOVA, wild-type that
received cells 	 CCR2�/� mice that received cells (P � .05).

Table III. Culture supernatant

Parameter CCR2�/� Wild-type

IL-4 0 10.2 � 4.6
IL-5 0 3.8 � 3.8
IFN-� 19.3 � 7.7* 340 � 39.6
IL-12p40 371.5 � 31.3 414.8 � 37.6
IL-18 62.4 � 9.6 60.8 � 6.4
IL-6 226.2 � 44.5 312.8 � 50.2
IL-1� 9.8 � 1.9 5.7 � 1.6

Spleen cells from CCR2�/� or wild-type S rectivirgula–sensitized
animals cultured for 72 hours (30 
g/mL S rectivirgula).
Data expressed as mean � SEM of 6 experiments (picograms per
milliliter).
*P � .05, CCR2�/� vs wild-type (t test).
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ferences in lung fibrosis at day 21.19 Blease found only
small differences in BALF cells after intratracheal chal-
lenge with Aspergillus.20 Traynor only found differ-
ences of total cell number in the lungs of Cryptococcus-
infected nimals after 2 weeks of infection.21 Therefore
it is likely that the lack of differences of pulmonary
inflammation that we observed in CCR2�/� and wild-
type animals was related mostly to the anatomic site in
that pulmonary inflammation is often relatively normal
in CCR2�/� mice, as opposed to the peritoneum.

We did not find evidence of a switch of immune
response from a Th1 to a Th2 profile in CCR2�/� mice
described by Traynor and colleagues in experimental
cryptococcal infection21 or Sato in Leishmania-infected
mice.52 The reason for this difference is likely related to
timing (4 days in our model vs more than 1 week in the
cryptococcal model and 5 weeks in the Leishmania
model) and, perhaps, the nature of the pulmonary chal-
lenge (nonreplicating bacteria vs replicating fungus).
However, we did find a decrease in IFN-� secretion in
cultured cell supernatants (Table III), similar to those
reported by Sato.52

We did not find increases in concentrations of the
inflammatory cytokines IL-6, tumor necrosis factor, or
IL-1� in BALF (Table II) in either mouse strain; this
was probably the result of the time elapsed; since
intratracheal challenge with S rectivirgula (72 hours).
We previously demonstrated that 72 hours after S rec-
tivirgula exposure, these cytokines had returned to
baseline levels.5

We next cultured cells from both CCR2�/� and
wild-type mice sensitized to S rectivirgula. Cultured
cells from CCR2�/� animals secreted less IFN-� than
did cells from wild-type mice (Table III) and therefore
resembled Th0 cells. Although the amount of IFN-�
was decreased, it was not absent in the CCR2�/� cul-
ture supernatants, similar to results reported by oth-
ers.48,50,52,55 The presence of IFN-� in the culture su-
pernatants from the CCR2�/� animals may have been
caused by IL-18, which induces IFN-� secretion56 and
was present in supernatants at the same concentrations
in cell cultures from wild-type and CCR2�/� animals.

Cultured cells from wild-type and CCR2�/� mice
were equally competent in their ability to adoptively
transfer EHP (defined as an increased extent of pulmo-
nary histologic changes after intratracheal challenge
with S rectivirgula; Fig 2). This is similar to findings in
models of murine asthma and mycobacterial infection
employing CCR2�/� animals.20,57 The nature of the
pulmonary inflammatory response was not different in
the CCR2�/� recipients compared with the wild-type
recipients (Figs 3 and 4). We did find differences in
IL-12p40 and IL-6 in the BALF of the CCR2�/� mice
and the control animals (Figs 4 and 5). Because we did

not find a difference with regard to pulmonary histo-
logic or BALF cellular response in the CCR2�/� mice
(Figs 2 and 4), it is likely that these cytokines are not
necessary for the expression of pulmonary inflamma-
tion in this adoptive-transfer model.

The lack of effect of absence of the MCP-1–CCR2
interaction on development of cells capable of transfer-
ring EHP suggests that additional pathways in this
model of experimental hypersensitivity pneumonitis re-
sult in the recruitment of inflammatory cells to the lung
after exposure to S rectivirgula. This is likely a conse-
quence of the redundant nature of the chemokine-che-
mokine receptor system, with multiple chemokines in-
teracting with many different receptors, and perhaps the
nature of the antigen we use. S rectivirgula can activate
complement,58 cause secretion of inflammatory cyto-
kines,59 and act as an adjuvant.60 In addition, timing of
exposure to MCP-1 may be important. Overexpression
of MCP-1 during sensitization of mice to either PPD or
Schistosoma antigen markedly altered the extent of the
granulomatous response, whereas overexpression after
sensitization did not change the Th1- or Th2-type gran-
ulomatous response.61

In summary, we could not demonstrate an essential
role for MCP-1 and its receptor CCR2 in our model of
EHP, despite considerable evidence linking EHP and
this chemokine. This failure likely reflects the complex
nature of the interaction between the lung and antigenic
material that causes HP in human beings.

It is likely that there exist multiple redundant path-
ways of lung injury in HP, which implies that measures
aimed at a single mechanism would not be expected to
decrease the pulmonary inflammatory response in this
disease. To the extent that HP resembles other inflam-
matory lung diseases (eg, idiopathic pulmonary fibro-
sis, cystic fibrosis, adult respiratory distress syndrome),
similar lack of a single dominant mechanism of injury
would predict the necessity of multiple interactions to
reduce lung damage.

We acknowledge the excellent technical assistance of Susan Baca
in maintaining the CCR2�/� colony and Kathy Kilpatrick for per-
forming polymerase chain reaction assays.
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