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CD14 Influences Host Immune Responses and Alternative Activation
of Macrophages during Schistosoma mansoni Infection
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Antigen-presenting cell (APC) plasticity is critical for controlling inflammation in metabolic diseases and infections. The roles
that pattern recognition receptors (PRRs) play in regulating APC phenotypes are just now being defined. We evaluated the ex-
pression of PRRs on APCs in mice infected with the helminth parasite Schistosoma mansoni and observed an upregulation of
CD14 expression on macrophages. Schistosome-infected Cd14~'~ mice showed significantly increased alternative activation of
(M2) macrophages in the livers compared to infected wild-type (wt) mice. In addition, splenocytes from infected Cd14~'~ mice
exhibited increased production of CD4 ™" -specific interleukin-4 (IL-4), IL-5, and IL-13 and CD4*Foxp3*IL-10" regulatory T cells
compared to cells from infected wt mice. S. mansoni-infected Cd14~'~ mice also presented with smaller liver egg granulomas
associated with increased collagen deposition compared to granulomas in infected wt mice. The highest expression of CD14 was
found on liver macrophages in infected mice. To determine if the Cd14~'~ phenotype was in part due to increased M2 macro-
phages, we adoptively transferred wt macrophages into Cd14~’~ mice and normalized the M2 and CD4* Th cell balance close to
that observed in infected wt mice. Finally, we demonstrated that CD14 regulates STAT6 activation, as Cd14~’'~ mice had in-
creased STAT6 activation in vivo, suggesting that lack of CD14 impacts the IL-4Ra-STAT6 pathway, altering macrophage polar-
ization during parasite infection. Collectively, these data identify a previously unrecognized role for CD14 in regulating macro-

phage plasticity and CD4" T cell biasing during helminth infection.

Schistosoma mansoni is a helminth parasite of humans that bi-
ases the host immune system to CD4 " Th2-type responses and
polarizes macrophages to an M2 phenotype. During the acute
stage (5 to 7 weeks) of infection, immune responses are largely of
the CD4™ Thl type, associated with increased numbers of classi-
cally activated macrophages producing interleukin-12 (IL-12),
IL-6, tumor necrosis factor alpha (TNF-a), and nitric oxide (NO)
(1). The early Th1 phase is followed by a short period of mixed
Th1 and Th2 responses, which shifts to a dominant Th2 response
by 9 to 12 weeks postinfection coincident with a shift in macro-
phage phenotype to M2. M2 macrophages play a direct and critical
role in fibrosis, maintenance of granulomas, tissue repair, and
host survival (2, 3).

Phenotypic plasticity plays a large role in how macrophages
regulate immune responses during infection. M1 (classical) mac-
rophage polarization is driven by pathogen molecule ligation of
pattern recognition receptors, and/or by gamma interferon (IFN-
v), inflammasomes, or danger signals (4, 5). M2 or alternative
activation is driven by macrophage ligation of IL-4, IL-13, or par-
asite products, resulting in cells that mediate anti-inflammatory
responses (6). Expression levels of RELMa, Ym1, and Argl mea-
sure alternative activation, while NO, TNF-a, IL-6, and IL-12 are
classical activation markers (6).

In schistosome infection, early proinflammatory responses
may be due to adult worm and/or egg antigens ligating Toll-like
receptors (TLRs) and C-type lectin receptors (CLRs) on macro-
phages (7-9). Among TLRs, TLR4 is unique, as it can generate
both TIR domain-containing adapter-inducing IFN-B (TRIF)-
and MyD88-dependent signaling cascades. TLR4 requires its
coreceptor CD14 in initiating TRIF-dependent, but not MyD88-
dependent, signaling (10). In this regard, CD14 facilitates endo-
cytosis of TLR4 via a Syk-PLCy2-Ca(2+) pathway enhancing in-
tracellular TRIF-dependent signaling (11). CD14 uses the same
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Syk/PLCvy2/Ca(2+)/calcineurin) pathway to trigger TLR-inde-
pendent signaling (12). CD14 interactions are not limited to
TLR4. Recent studies show that CD14 directly interacts with TLR3
agonists (double-stranded RNA [dsRNA]) to drive proinflamma-
tory responses in bone marrow-derived macrophages (BMDM:s)
(13, 14). Further, CD14 was shown to play a crucial role in nucleic
acid-mediated TLR7 and -9 activation during viral infection (13,
14). Taken together, CD14 performs multiple functions in recog-
nizing a wide range of pathogen products as well as initiation of
TLR-dependent and -independent signaling, suggesting that
CD14 may function to regulate macrophage M1/M2 plasticity
and/or the Th1-Th2 balance.

Here we examined the role of CD14 in regulation of host im-
mune responses and liver granuloma pathology during S. mansoni
infection of mice. We observed that S. mansoni-infected Cd14 ™'~
mice had dramatically enhanced alternative activation of macro-
phages in hepatic granulomas compared to wild-type (wt) mice
and that hepatic egg granulomas were smaller, with greater colla-
gen deposition, than those seen in wt mice. In addition to macro-
phages, Cd14~'™ liver granuloma eosinophils were more alterna-
tively activated than in wt mice. CD4" Th2 recall responses of
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splenocytes from schistosome-infected Cd14~'~ mice were also
elevated compared to those of cells from infected wt mice. To test
the role of CD14 on macrophages in regulating alternative activa-
tion and CD4 " Th2-type responses, we performed adoptive trans-
fer studies and observed that transfer of wild-type macrophages
into egg-sensitized and challenged Cd14 '~ mice was sufficient to
normalize alternative activation and CD4" Th responses. These
findings define a role of CD14 in the regulation of macrophage
polarization as well as adaptive immune induction and inflamma-
tion during schistosome infection.

MATERIALS AND METHODS

Ethics statement. The guide for the Care and Use of Laboratory Animals
was in accordance with the American Association for Accreditation of
Laboratory Animal Care (AALAC) as well as the Animal Welfare Act
(AWA) and other applicable federal and state guidelines. All animal work
presented here was approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Georgia (AUP no. A2009-04-
086).

Mice, parasites, and infection. C57BL/6 and Cd14~'~ mice were ob-
tained from the Jackson Laboratory. Mice were housed at the Coverdell
Rodent Vivarium facility (University of Georgia) under specific-patho-
gen-free conditions following institutional guidelines. Mice were infected
with S. mansoniby subcutaneous injection of 50 to 60 cercariae. Mice were
euthanized at 7 and 12 weeks postinfection, and livers were removed and
used for RNA isolation and immunohistochemistry. For the adoptive
transfer experiment, using the S. mansoni egg sensitization/challenge
model, approximately 5,000 S. mansoni eggs were injected intraperitone-
ally (i.p.) simultaneously with 1 X 10° adherent peritoneal macrophages
(APMs) into wt and Cd14~’~ mice. Two weeks later, mice were intrave-
nously (i.v.) challenged with S. mansoni eggs coadministered with 1 X 10°
APMs from naive wt or Cd14~'~ mice, followed by an additional i.v.
injection of 1 X 10° adherent peritoneal macrophages 3 days prior to the
end of the experiment. Adherent peritoneal macrophages were obtained
from the peritoneal cavities of naive wt and CdI4~'~ mice by saline
lavage, followed by plastic adherence of peritoneal exudate cells for 2 to 4
h at 37°C. Then, the supernatants were discarded, and the APMs were
collected, washed 3 times with warm phosphate-buffered saline (PBS),
counted, and used for adoptive transfer experiments. Groups were as
follows: group I, wt mice receiving wt APMs; group II, CdI4~'~ mice
receiving wt APMs; and group III, Cd14~/~ mice receiving Cd14 ™/~
APM:s. Single-cell suspensions from mediastinal lymph nodes of mice
were assayed for CD4 ™ intracellular Th2 cytokines by flow cytometry.

Worm and egg burden in S. mansoni-infected mice. Livers from
infected wt and Cd14 '~ mice were harvested, weighed, and then incu-
bated with 4% KOH overnight at 37°C. The eggs obtained after KOH
digestion were counted using a light microscope, and the egg burdens
were calculated as the number of eggs per gram of liver tissue. For worm
burdens, mice were anesthetized by injecting 2% tribromoethanol (TBE)
and then perfused by inserting a 20-gauge needle into the left ventricle and
pumping saline containing heparin (15). Worms were collected from the
hepatic portal vein, washed, and placed in a petri dish, and males and
females were counted.

Quantitative RT-PCR. Liver and lung tissues were homogenized us-
ing Tissue Lyzer (Qiagen), and total RNA was purified using an RNeasy
spin column (Qiagen). One microgram of RNA was used to perform
reverse transcription (RT)-PCR followed by quantitative RT-PCR (qRT-
PCR) using primers (Applied Biosystems, Foster City, CA) against specific
genes, the Universal PCR master mix, and the ABI Prism 7900 system
(Applied Biosystems, Foster City, CA). Expression was normalized to
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) endogenous con-
trol, and fold expression was measured by comparison to the expression of
the uninfected controls.

ELISA. Enzyme-linked immunosorbent assay (ELISA) was performed
to measure the production of cytokines in cell culture supernatants as well
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as antibodies in the sera of mice. For IL-4, IL-13, and IFN-v, a sandwich
ELISA was performed according to the manufacturer’s instructions (BD
PharMingen, San Diego, CA). Antigen-specific I[gGl was measured by
using 10 pg/ml of schistosome soluble egg antigen (SEA) to coat 96-well
plates overnight and then washing and blocking the plates with 10% fetal
bovine serum (FBS) in PBS for 1 h at room temperature. Serum was added
to the plates after the washing and blocking, and the plates were incubated
for 2 h at room temperature, washed with PBS-Tween, and then probed
with horseradish peroxidase (HRP)-conjugated anti-IgG1 antibody (BD
Biosciences, USA). After incubation for 1 h at room temperature, plates
were washed and developed using TMB (3,3’,5,5"-tetramethylbenzidine)
substrate (Ebiosciences, USA). Total IgE in the serum of each mouse was
measured by performing a sandwich ELISA according to the manufactur-
er’s instructions (BD PharMingen, San Diego, CA).

Tissue and single-cell suspension preparation, IHC, and staining.
Livers were isolated from uninfected and infected mice. The identical liver
lobe was removed from each mouse and fixed in 4% formalin overnight.
Tissue samples were prepared for sectioning by the Department of Pathol-
ogy, College of Veterinary Medicine, University of Georgia. Slides were
stained with hematoxylin and eosin (H&E) or Masson’s trichrome or
processed for immunohistochemistry (IHC) staining. Briefly, for [HC, we
stained liver sections with the following antibodies: anti-Ym1 (Stem Cell
Technology) and anti-RELMa (Peprotech, Rocky Hill, NJ), followed by
incubation with biotin-conjugated secondary antibody (Vector Labora-
tories, Burlingame, CA). Sections were subsequently incubated with
streptavidin-HRP (Dako, Carpinteria, CA) and developed using 3,3’-di-
aminobenzidine (DAB; Dako, Carpinteria, CA). Single-cell suspensions
were prepared from livers and lungs from naive, egg-injected, or S. man-
soni-infected mice. Lungs and livers were digested with collagenase (1
mg/ml) for 30 min to 1 h at 37°C. Digestion was stopped using 2 mM
EDTA, and cells were passed through a 100-pm strainer, washed, and
used for flow cytometer staining.

Flow cytometry. For cytokine analysis, splenocytes from each mouse
were processed and incubated with 50 ng/ml phorbol myristate acetate
(PMA; Sigma-Aldrich, St. Louis, MO, USA), 500 ng/ml ionomycin
(Sigma-Aldrich, St. Louis, MO), and monensin (BD Biosciences, San Di-
ego, CA) for 4 h at 37°C. Cells were then surface stained with fluorescein-
conjugated anti-CD4 antibody (Ebiosciences, San Diego, CA, USA), fixed,
permeabilized, and then stained intracellularly with antibodies against
IL-4, IL-5, IL-13, IL-10, IFN-v, and IL-17 (Ebiosciences, San Diego, CA)
as per the manufacturer’s instructions. Additional aliquots of cells were
stained with anti-CD4 surface antibody and intracellular anti-Foxp3 an-
tibody (Ebiosciences, San Diego, CA) as per the manufacturer’s instruc-
tions. For RELMa expression, PMs were surface stained with antibody
against F480 (AbD Serotec, Raleigh, NC), siglecF (BD Biosciences, San
Diego, CA), Grl (BD Biosciences), or CD11b (BD Biosciences, San Diego,
CA) followed by intracellular staining with antibodies against RELMa
(Peprotech, Rocky Hill, NJ) and fluorescein-conjugated secondary anti-
body (Jackson ImmunoResearch Lab, West Grove, PA). Cells were ac-
quired and analyzed on a BD LSRII flow cytometer (BD Biosciences, San
Diego, CA). Data obtained were analyzed using Flowjo software (Tree Star
Inc., Ashland, OR).

Statistical analysis. Statistical analyses were performed using Prism
(GraphPad Software), and P values were obtained by using one-way anal-
ysis of variance (ANOVA) Tukey’s test for multiple-group comparisons
and two-tailed Student’s t test for two-group comparisons.

RESULTS

Schistosome infection and schistosome eggs upregulate expres-
sion of CD14. Immune responses in schistosome-infected mice
switch from an initial inflammatory Th1 type to subsequent anti-
inflammatory and Th2 type, evident by an increase in alternatively
activated macrophages. CD14 is a coreceptor for TLR-initiated
proinflammatory responses on innate immune cells, particularly
macrophages. Therefore, we asked if CD14 expression changes on
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FIG1 CD14 s upregulated in response to Schistosoma mansoni (Sm) infection
or schistosome egg antigens. (A) Total RNA was extracted from livers of naive
mice or mice infected with S. mansoni for 7 and 12 weeks (n = 5/cohort).
Quantitative RT-PCR was performed using primers specific to gene Cd14. (B)
Approximately 5,000 S. mansoni eggs were injected intraperitoneally into
C57BL/6 mice (n = 5). On day 7 postinjection, peritoneal exudate cells (PECs)
were collected and incubated in plastic tissue culture plates for 2 h at 37°C, and
then adherent cells were harvested and processed for total RNA isolation.
Expression of Cdl4 was assessed using qRT-PCR in naive and egg-injected
groups. Gene expression was analyzed in fold changes expressed over naive
controls after normalization with GAPDH. Statistical significance was calcu-
lated using one-way ANOVA Tukey’s multiple-comparison test (A) or Graph-
pad Quick Cals Student’s ¢ test (B). **, P < 0.01; ***, P < 0.001. Results
(means * standard errors of the means [SEM]) represent at least 3 indepen-
dent experiments.

cells and tissues as a result of schistosome infection. Using quan-
titative RT-PCR, we compared the expression levels of CD14 in
liver tissue from naive and schistosome-infected mice at 7 and 12
weeks postinfection. This analysis revealed striking, approxi-
mately 30- and 100-fold increases in liver expression of the Cd14
gene at 7 and 12 weeks postinfection, respectively, compared to
naive liver tissue (Fig. 1A). We next asked if injection of schisto-
some eggs would be sufficient to upregulate CD14. Seven days
following intraperitoneal injection of eggs, adherent peritoneal
macrophages showed an approximate 6-fold increase in expres-
sion of the Cd14 gene in comparison to APMs harvested from
naive mice (Fig. 1B).

Increased recruitment of alternatively activated cells in liv-
ers of CD14-deficient mice. The observation that CD14 expres-
sion was increased in livers of schistosome-infected mice sug-
gested that CD14 might have regulatory roles during infection. To
investigate this, we compared immune responses and measured
egg granuloma-mediated pathology at 12 weeks postinfection of
cells and tissues from S. mansoni-infected wt and Cd14 '~ mice.
We measured the alternative activation (AA) of cells by staining
for Ym1 and RELMa on liver sections. We found that staining for
these AA markers in hepatic granulomas of infected Cd14 '~ mice
was so pronounced that differences in RELMa expression in wt
and Cd14~'~ mice could be seen at low magnification (Fig. 2A).
Higher magnification of sections showed significantly greater ex-
pression of both Ym1l and RELMa in granulomas of infected
Cd14™'~ mice (Fig. 2A).

Using quantitative RT-PCR, we detected 2- to 3-fold increases
in the expression of AA markers Yml, Relma, and Argl in the
livers of infected Cd14 '~ mice compared to wt controls (Fig. 2B).
Conversely, the expression of Nos2 (mRNA), a molecule associ-
ated with classical activation of macrophages, was decreased in
livers of infected Cd14 "/~ mice compared to wt controls (Fig. 2B).
Together, these observations show that CD14 regulates the ex-
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pression of AA markers at both the protein and mRNA levelsin S.
mansoni-infected mice.

We next tested for differences in alternative activation of cell
populations in granulomas of infected wt and Cd14 ™'~ mice. Sin-
gle-cell suspension from the livers of infected wt and Cd14~'~
mice were stained with surface markers for macrophages, eosino-
phils, and neutrophils, as shown in Fig. S2A and B in the supple-
mental material. Both eosinophils and macrophages express
CD11b and F4/80 markers (see Fig. 6; see also Fig. S2 in the sup-
plemental material). However, marker siglecF can be used to dif-
ferentiate eosinophils from the macrophage population (see Fig.
6; see also Fig. S2 in the supplemental material). Thus, eosinophils
can be identified as CD11b*F4/80™ SiglecF" or CD11b ™ SiglecF ™,
F4/80 being unessential to determine eosinophil population in
livers, similar to what was reported by by Goh et al. (16) (see Fig.
S2B and D in the supplemental material). As shown in Fig. S2 in
the supplemental material, eosinophil and macrophage popula-
tions could also be differentiated by their distinct profiles, with
eosinophils (CD11b"F4/80" SiglecF") showing high side scatter
(SSC) compared to macrophages (CD11b*F4/80" SiglecF /")
on forward side scatter (FSC)/SSC plots (see Fig. S2C in the
supplemental material), similar to the observation made by
Voehringer et al. (17). We compared the alternative activation
of macrophages (CD11b"F4/80"SiglecF®") and eosinophils
(CD11b*F4/80* SiglecF") in the livers of infected Cd14 '~ and
wt mice (see Fig. S2A and B in the supplemental material). Both
macrophage and eosinophil populations were more polarized to
alternative activation in liver granulomas from infected Cd14~'~
mice than in granulomas in the infected wt controls (Fig. 2C), as
determined by RELMa expression. We found that infection of
mice with S. mansoni had no effect on the alternative activation of
neutrophils (CD11b*F4/80 Ly6G/C™). These results show that
lack of CD14 expression is associated with increased alternative
activation of macrophages (CD11b"F4/80* SiglecF~) and eosin-
ophils (CD11b*F4/80* SiglecF") in liver granulomas of infected
Cd14~'~ mice.

CD14 deficiency enhances Th2 responses in schistosome-in-
fected mice. We next evaluated the influence of CD14 on induc-
tion of Thl and Th2 responses in schistosome-infected wt and
Cd14~'~ mice. Flow cytometric analysis revealed significant in-
creases in IL-13-, IL-4-, IL-5-, and IL-10-producing splenic CD4 ™"
T cells from Cd14 '~ mice compared to wt controls (Fig. 3A).
Splenocytes from schistosome-infected Cd14~'~ mice had in-
creased numbers of CD4¥IL-4" or CD4"1L-13" cells compared
to splenocytes from infected wt mice (see Fig. S4A and B in the
supplemental material). Similarly, we found significantly greater
amounts of IL-13 and IL-4 from schistosome egg antigen (SEA)-
stimulated splenocytes from S. mansoni-infected Cd14~'~ mice
compared to splenocytes from infected wt mice (Fig. 3B). Coinci-
dent with the increased production of Th2 cytokines, there were
fewer TFN-y-producing splenic CD4" T cells in Cd14™'~ mice
than in wt mice (Fig. 3A). However, the levels of IFN-vy produc-
tion from SEA-stimulated splenocytes were similar for S. man-
soni-infected Cd14~'~ mice and wt mice (Fig. 3B). Further, the
percentages of IL-17-producing splenic CD4" T cells were not
significantly altered between S. mansoni-infected Cd14~'~ and wt
mice (Fig. 3A). CD14 deficiency also influenced the ability to drive
Th2-type responses in vitro. Using a DC-CD4 " T-cell coculture,
we found that SEA-stimulated Cd14~/~ bone marrow dendritic
cells (BMDCs) were able to drive greater CD4 ™ T cell production
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FIG 2 Enhanced alternative activation in liver egg granulomas in Cd14~/~ mice. C57BL/6 (n = 5) and Cd14~'~ mice (n = 5) were infected with S. mansoni.
Twelve weeks postinfection, mice were sacrificed and identical liver lobes were isolated from each mouse and processed for immunohistochemistry using
anti-Ym1 and anti-RELMa antibodies. (A) Liver section at magnification of X4 or X20 (as indicated) showing granulomas (black arrows) stained for alternative
activation markers RELMa and Ym1 (red arrows) expressed by granulocytes (macrophages) in egg granulomas (yellow arrows). (B) QRT-PCR performed with
total RNA extracted from liver tissue of naive or S. mansoni-infected (Sm) mice using primers specific to genes Argl, YmI, Relma, or Nos2. Gene expression was
analyzed in fold changes expressed over naive controls after normalization with GAPDH. (C) Single-cell suspensions were prepared to measure RELMa
expression from granulocytes of infected livers by flow cytometry. Livers (naive and S. mansoni infected) were digested with collagenase (1 mg/ml) to obtain
single-cell suspensions and stained for surface (CD11b, F4/80, Siglec F, and Grl) and intracellular (RELMa) markers. Expression of RELMa was measured in
cells gated as eosinophils (CD11b * SiglecF ), macrophages (CD11b " F4/80 " SiglecF ), and neutrophils (CD11b* Gr1 ") (as shown in Fig. 6; see also Fig. S2 in the
supplemental material). Statistical significance was calculated using one-way ANOVA Tukey’s multiple-comparison test. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001;
%P < 0.0001. Results represent at least 2 or 3 independent experiments.
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FIG4 Cd14'~ mice have an increased frequency of CD4 " Foxp3™ T cells coincident with a decrease in the total CD4 " T-cell population. Splenocytes from naive
(n=5) or S. mansoni-infected (Sm) mice (12 weeks postinfection) (C57BL/6 and Cd14~'~; n = 5) were surface stained using fluorescence-conjugated antibodies
against CD4 followed by intracellular staining for Foxp3 or IL-10 protein, acquired by flow cytometry using a BD LSR Il instrument, and analyzed using FlowJo
(Treestar Inc., OR, USA). Frequencies of CD4 " Foxp3™ of total CD4* T cells (A), CD4 " Foxp3 ™ IL-10" of total CD4 *Foxp3™ T cells (B), and total CD4 ™" T-cell
populations (C). Statistical significance was calculated using one-way ANOVA Tukey’s multiple-comparison test. **, P < 0.01; ns, not significant. Results

(means *= SEM) are representative of 3 or more independent experiments.

of IL-4 than wt BMDC:s (see Fig. S3 in the supplemental material).
Further, quantitative RT-PCR of whole liver tissue showed ~2-
and 3-fold increases in expression of genes il4 and il13, respec-
tively, in Cd14~'~ mice compared to wt counterparts (Fig. 3C). In
addition to Th2-type cytokines, liver tissues from Cd14 '~ mice
showed increased expression of the Th2-promoting chemokines
Ccl17 and Ccl22 compared to infected wt mice (Fig. 3D). As a
correlate to the observed increases in Th2 responses, infected
Cd14~'~ mice had elevated levels of serum IgE compared to wt
mice, though antigen-specific IgG1 levels were comparable (Fig.
3E). These observations agree with earlier clinical and experimen-
tal studies demonstrating an inverse correlation of CD14 expres-
sion with Th2-associated IgE (18, 19).

CD14 deficiency during schistosome infection leads to loss of
CD4 * T cells, coincident with increases in regulatory T cells.
Schistosome infection increases the overall frequency of regula-
tory T cells (20). Therefore, we evaluated the influence of CD14
expression on regulatory T cells in S. mansoni-infected mice. We
observed a modest increase (>2%) in the frequency of
CD4+Foxp3+ T cells (Fig. 4A) as well as IL-10-producing
CD4"Foxp3™ T cells among total CD4*Foxp3™ T cells in
Cd14~'~ splenocytes compared to wt controls at 12 weeks postin-
fection (Fig. 4B). We also observed increased numbers of total
CD4 " Foxp3™ T cells in the spleens of Cd14~/~ mice compared to
infected wt mice (see Fig. S4C in the supplemental material). Flow
cytometric analysis of splenocytes revealed that 12-week-infected
Cd14~'~ mice had a significant reduction in percentage of total
CD4™" T cells compared to wt mice (Fig. 4C). Loss of CD4™ T cells
as a consequence of helminth infection has previously been re-
ported (21, 22). These observations suggest that the enhanced
Th2-type responses in CD14-deficient mice may contribute to the
lower frequency of total CD4™ T cells in the spleens.

Cd14™'~ mice have smaller and more fibrotic granulomas
than wt mice. Innate immune receptors on antigen-presenting
cells influence the initiation and development of CD4™ T cell re-

sponses and subsequent egg granuloma-induced liver pathology
during S. mansoni infection (23). To determine if the aforemen-
tioned alterations in cytokine, chemokine, and CD4" T-cell re-
sponses in Cd14~'~ mice altered liver pathology during S. man-
soni infection, we performed histopathologic analysis of hepatic
granulomas. Stained liver sections showed considerably smaller
hepatic egg granulomas in Cd14~'~ mice than in wt mice (Fig. 5A
and B). Masson’s trichrome staining revealed an intense staining
of collagen in liver granulomas of Cd14~'~ mice compared to wt
controls, suggesting that granulomas in CdI14~'~ mice are more
fibrotic than granulomas of wt mice (Fig. 5A and C). The elevated
expression of collagen seen in liver sections of infected Cd14~ '~
mice was confirmed by qRT-PCR analysis (Fig. 5D). Thus, CD14
plays a regulatory role during schistosome egg antigen and im-
mune cell interactions that influences the function and organiza-
tion of immune cells in egg granulomas.

In addition to measuring differences in immune responses and
liver granulomas as a function of CD14, we also compared egg and
worm burdens in S. mansoni-infected wt and Cd14 '~ mice. As
shown in Fig. 5E and F, we saw a reduced number of eggs in the
livers of Cd14~'~ mice but no differences in the number of adult
worms compared to those in infected wt mice.

Macrophages are the major source of CD14 in liver granulo-
mas of S. mansoni-infected mice. Next, we sought to define
which cells in schistosome egg granulomas express CD14.
Granulocytes (CD11b") are recruited to egg granulomas in
livers of infected mice, in contrast to what is seen in the livers of
uninfected mice (see Fig. S1 in the supplemental material).
Macrophages, eosinophils, neutrophils, and some lymphocytes
are present in liver egg granulomas of S. mansoni-infected mice
(24). Therefore, to analyze the expression of CD14 on granu-
locytes in liver egg granulomas, we prepared single-cell suspen-
sions of liver granulomas and then stained them with surface
markers against macrophages, eosinophils, and neutrophils as
well as CD14 (Fig. 6). We found that only CD11b" granulo-

FIG 3 S. mansoni-infected Cd14~'~ mice have enhanced Th2 responses. (A) Splenocytes were prepared from naive and S. mansoni-infected (12 weeks) (Sm)
wild-type C57BL/6 (n = 5) and Cd14~'~ mice (n = 5). Cells were then surface stained with antibodies to CD4 and intracellular cytokines IL-4, IL-13, IL-5, IL-10,
IL-17, and IFN-y and analyzed by flow cytometry. The percentages of CD4 ™ T-cell-specific cytokines (among total CD4 ™ T cells) are shown. (B) Splenocytes were
stimulated with SEA (25 pg/ml) at 37°C for 72 h, and then supernatants were collected. Cytokine production was assayed by ELISA. Med, medium. (C, D)
qRT-PCR was performed specific to cytokines (genes Il-4 and Il-13) and chemokines (genes Ccl17 and Ccl22), as indicated, using total RNA extracted from livers
of naive or schistosome-infected mice. Gene expression was analyzed as fold changes over naive controls after normalization with GAPDH. (E) Production of
SEA-specific IgG1 and total IgE in the sera of naive or infected mice determined by ELISA. Statistical significance was calculated using one-way ANOVA Tukey’s
multiple-comparison test. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant. Results (means = SEM) represent 3 or more independent experiments.
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FIG 5 Liver granulomas in Cd14~'~ mice are smaller and more fibrotic than in wt mice, with altered cellularity. (A) Livers from S. mansoni-infected (Sm) mice
(C57BL/6,n = 5,and Cd14~'~, n = 5) were fixed and then sectioned and stained with Masson’s trichrome. At low magnification, intense blue staining of collagen
(yellow arrow) represents the size of granulomas in liver sections. (B) Collagen fibers, indicated by blue staining, surrounding each granuloma were used to
determine the sizes of granulomas using DP2-BSW software (Olympus, USA). (C) Liver sections at high magnification (X20, optical zoom) show a single
granuloma intensely stained (yellow arrows) with Masson’s trichrome blue dye. (D) qRT-PCR was performed using primers specific to collagen with total RNA
extracted from a specific liver lobe of each mouse. (E) Reduced egg burden in the livers of S. mansoni-infected (Sm) Cd14 '~ mice. To evaluate egg deposition
in the livers of infected wt and Cd14 ™'~ mice, 12 weeks postinfection, livers of wt (1 = 10) and Cd14 '/~ (n = 10) mice were harvested, weighed, and processed
for KOH digestion, as described in Materials and Methods. Eggs obtained from KOH digestion were counted under a light microscope, and the number of eggs/g
of liver tissue was determined. (F) Twelve-week postinfection, wt and Cd14~/~ -infected mice (n = 10) were anesthetized and then perfused by pumping
heparinized saline via the left ventricle of the heart. Adult worms were collected from the cut, hepatic portal vein and then counted, as described in Materials and
Methods. The numbers of males, females, or total (M+F) worms per mouse were determined. Statistical significance was calculated using Graphpad Quick Cals
Student’s ¢ test (B and E) and one-way ANOVA Tukey’s multiple-comparison test (D and F). Results (means = SEM) represent at least 2 or 3 independent
experiments. ns, not significant; *, P < 0.05; **, P < 0.01. Results (means = SEM) represent 3 or more independent experiments.

cytes had high levels of CD14 expression, compared to granu- found that the majority of macrophages (CD11b*F4/80™
locytes with low expression of CD11b (CD11b™) (Fig. 6A). SiglecFl"w) expressed CD14, compared to a lack, or minimal
When the CD11b™ population was gated for macrophage, eo-  expression, of CD14 on CD11b"F4/80"SiglecF* eosinophils
sinophil, and neutrophil populations (following the gating and CD11b*F4/80” Ly6G/C™ neutrophils (Fig. 6B). To deter-
strategy shown in Fig. S2 in the supplemental material), we mine the percentages of the various populations (macro-
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FIG 6 CD14 expression is largely restricted to macrophages. Expression of CD14 on liver granulocytes analyzed by flow cytometry. Single-cell suspensions from
livers were prepared as described in Materials and Methods from C57BL/6 mice (n = 5) infected with S. mansoni for 12 weeks and surface stained for CD11b,
F4/80, SiglecF, Gr1, and CD14 by a flow cytometer. (A) Live cells were gated for CD11b™ and CD11b~ populations. Expression of CD14 was first determined in
CDI11b™" (tinted peak) and CD11b~ (open peak) liver cells. (B) CD11b™ cells were further gated for Grl and F4/80 expression to separate out neutrophil
(CD11b"Gr1%) and CD11b*F4/80 populations. The CD11b*F4/80" population was further gated for SiglecF expression with SiglecF™ cells as eosinophils and
SiglecF-low or -negative (SiglecF ™) cells as macrophages. Expression of CD14 was determined in neutrophil (1), eosinophil (2), and macrophage (3) populations.
(C) To determine the percentages of CD14™ macrophages, eosinophils, or neutrophils, CD11b ™ cells were gated for CD14 expression. CD11b"CD14 " cells were
further gated for F4/80, SiglecF, and Gr1 expression (upper panel). The positive gate (control) for each population was determined by gating CD11b™ cells with
their respective markers (Gr1, F4/80, or SiglecF) (lower panel). The same gates were then applied to the CD11b*CD14 " populations to determine the percentage
of CD14-positive macrophage (CD14 " F4/80+ SiglecF ™), eosinophil (CD14 ™" SiglecF*), or neutrophil (CD14* Gr1™") populations (upper panel). Results repre-

sent at least 3 independent experiments.

phages, neutrophils, eosinophils, or others) among the total
CD147 cells in the livers of wt infected mice, as shown in Fig.
6C, the CD11b™ population (since no CD14 expression was
observed on CD11b ™ liver cells [Fig. 6A]) was gated for CD14
expression. The CD11b"CD14" cells were further gated for
expression of proteins F4/80 (macrophages), SiglecF (eosino-
phils), and Gr1 (neutrophils) (Fig. 6C, upper panel). The per-
centages of CD14F4/80", CD14 " SiglecF*, and CD14*Gr1™
cells were determined by placing similar gates obtained from
macrophage (CD11b*F4/807), eosinophil (CD11b™ SiglecF"),
and neutrophil (CD11b*Gr1™) populations gated from the
CD11b" population (Fig. 6C, lower panel). This approach
showed that approximately 90% of CD11b"CD14™ cells were
F480™ compared to ~3.5% that were SiglecF* and 0% Gr1™.
Taken together, cytometry results suggest that the majority of
CD14" cells in the livers of infected mice were macrophages.
We validated this finding by overlaying macrophage, eosino-
phil, or neutrophil (F4/807, siglecF", and Gr1*) populations
with CD11b*CD14¥ cells (overlay histogram) to compare the
expression levels of F4/80, siglecF, and Gr1 (see Fig. S5 in the
supplemental material). Consistent with the findings in Fig.
6C, we found that the CD11b*CD14™ cells were F4/80 positive,
similar to the macrophage population (see Fig. S5 in the sup-
plemental material), with minimal or no expression of siglecF
or Grl markers compared to respective populations, further
emphasizing that macrophages are the major source of CD14 in
the livers of infected mice (Fig. S5).

Adoptive transfer of wt macrophages normalizes alternative
activation and Th2 immune responses in schistosome egg-sen-
sitized and -challenged Cd14~'~ mice. To determine if macro-
phages are one of the cells responsible for CD14-mediated regu-
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lation of alternative activation and CD4" Th responses, we
performed adoptive transfer studies. We used the schistosome egg
lung granuloma model, whereby naive wt or Cd14~'~ mice were
sensitized by intraperitoneal injection of S. mansoni eggs simulta-
neously with wt or Cd14~'~ adherent purified peritoneal macro-
phages (APMs) followed by intravenous egg challenge for 1 week
(25). The intravenous egg challenge included transfer of 1 X 10°
wt or Cd14~'~ APMs. Wild-type or Cd14~'~ APMs were admin-
istered a third time (1 X 10°) by intravenous injection on day 4
postchallenge. Similar to our findings with schistosome infection,
transfer of Cd14~'~ cells into Cd14~'~ mice resulted in increased
frequencies of CD4 ™ T cells producing IL-4 or IL-13 compared to
wt mice given wt cells. As hypothesized, adoptive transfer of wt
APMs into Cd14~'~ mice reduced the frequencies of CD4"IL-
13" and CD4 "IL-4" T cells to levels similar to those of wt controls
(Fig. 7A). Likewise, recall responses from SEA-stimulated lymph
node cells from Cd14~'~ and wt mice adoptively transferred with
wt APMs produced comparable ratios of Th1/Th2 (IFN-y/IL-4)
cytokines, whereas Cd14~'~ mice administered Cd14~'~ APMs
showed increased production of IL-4 and a decreased ratio of
IFN-v/IL-4 (Fig. 7B). We also examined alternative activation of
lung macrophages in these mice. Unlike what occurred in livers,
macrophage populations in the lungs could be clearly differenti-
ated by the high expression of the CD11c marker (Fig. 7; see Fig.
S2A and B in the supplemental material). We found that lung
macrophages from Cd14~'~ mice that received Cd14~'~ APMs
were more polarized toward alternative activation than lung mac-
rophages from wt mice (Fig. 7C), and further, adoptive transfer of
wt APMs to Cd14~'~ mice reduced alternative activation of mac-
rophages to a level similar to that seen in wt mice. Overall, these
results show that transfer of wt APMs to Cd14~'~ mice is by itself
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FIG 7 Adoptive transfer of wild-type macrophages normalizes the Cd14 ™/~
phenotype. The schistosome egg lung challenge model was used to determine
if wt macrophages could normalize changes in alternative activation and im-
mune responses in response to helminth antigens in Cd14~/~ mice. C57BL/6
(group I) and Cd14~'~ mice (groups Il and I1I) were primed with S. mansoni
eggs followed by adoptive transfer of 1 X 10° wt naive APMs to wt (group 1)
and Cd14~'~ (group II) mice and 1 X 10° Cd14 '~ APMs in Cd14~’~ mice
(group III) (i.p.), as indicated, on day 0. On day 14, mice were challenged with
~5,000 S. mansoni eggs injected i.v. On days 14 and 17, mice were given 1 X
10° naive adherent peritoneal macrophages. Mice were sacrificed on day 21,
and lungs and lymph nodes were isolated and single cell suspensions prepared.
(A) CD4™ T cells in the mediastinal lymph nodes were assayed for cytokine
(IL-4) production by flow cytometry. (B) For recall response, lymph node cells
were incubated with soluble egg antigen (SEA) (25 wg/ml) for 72 h at 37°C.
Cell supernatants were harvested, and production levels of IL-4 and IFN-y
were measured by ELISA. Shifts in Th1 and Th2 responses were determined by
calculating the ratio of IFN-y to IL-4 (IFN-v/IL-4 in ng/ml) produced by
splenocytes of each mouse in the group in response to SEA. (C) Lung tissues
were digested in medium containing 1 mg/ml collagenase. Single-cell suspen-
sions were surface stained using fluorescein-conjugated antibodies against
macrophage markers CD11c, F4/80, and SiglecF followed by intracellular
staining for M2 marker RELMa (primary antibody) and fluorescein-conju-
gated secondary antibody. The percentages of RELMa-expressing cells among
total macrophages (CD11c*F4/80") were determined. Recipient mice and
donor macrophages are as indicated for panel A. Statistical significance was
calculated using one-way ANOVA Tukey’s multiple-comparison test. *, P <
0.05; **, P < 0.01; ***, P < 0.001. Results represent at least two independent
experiments.

sufficient to overcome global CD14 deficiency and allows for con-
straint of CD4* Th2 immune responses and alternative activation
in response to schistosome antigens in vivo.

CD14 deficiency enhances activation of STAT6 in liver gran-
ulomas. We observed that CD14 deficiency was associated with
increased expression of the IL-4-dependent M2 markers Ym1 and
RELMa. Therefore, we examined activation of STAT6 in the livers
of S. mansoni-infected Cd14~'~ and wt mice. Performing immu-
nohistochemistry using an anti-(phospho)STAT6 antibody, we
found that granuloma cells in the livers of infected Cd14~'~ mice
displayed increased STAT6 activation compared to wt controls
(Fig. 8).
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FIG 8 Granulomas of infected Cd14~'~ mice show increased STATG6 activa-
tion. Liver sections from S. mansoni-infected C57BL/6 (n = 5) and Cd14 '~
(n = 5) mice were analyzed for activated STAT6 by immunohistochemistry
using anti-pSTAT6 antibody. Liver sections were examined at magnifications
of X10 and X40, showing granulomas (yellow arrows) stained for activated
STAT6 protein in macrophages and granulocytes (red arrows) surrounding S.
mansoni eggs. Results represent at least two independent experiments.

DISCUSSION

Alternatively activated macrophages (M2) are associated with re-
pair of tissues and wound healing and are essential for host sur-
vival when infected with helminth parasites. During helminth in-
fection, the degree of immune-mediated pathology and tissue
destruction is largely modulated by CD4 ™" T cells and alternatively
activated macrophages (23, 26). To date, the roles that innate im-
mune receptors play in regulating these two populations of cells
have not been studied in detail. To identify potential regulators of
Th2-type responses and alternative activation, we measured the
expression of innate response molecules on macrophages during
schistosome infection or following injection with schistosome
eggs. These experiments demonstrated that CD14 expression was
highly upregulated in schistosome-infected, Th2-biased mice.
Therefore, we asked if CD14 might play a role in regulating CD4*
Th2-type responses and/or alternative activation and coincident
pathogenesis during helminth infection. To test this, we examined
macrophage maturation and CD4" T cell responses in schisto-
some-infected or egg-injected Cd14 '~ mice. In both infected and
egg-injected Cd14 '~ mice, we observed a marked upregulation
in the expression of alternative activation markers as well as up-
regulated Th2-type responses, including IgE production, com-
pared to the expression in wt mice. In addition, we observed a
modest increase in the numbers of regulatory T cells, reduced
granuloma size associated with increased collagen deposition, and
changes in cellular infiltration in Cd14~'~ mice compared to wt
controls. Interestingly, increased M2 activation and Th2 re-
sponses in CD14-deficient mice were associated with reduced egg
burdens in the livers of infected mice compared to wt controls,
suggesting that immune effector cells and/or mediators regulated
via CD14 may play roles in parasite fecundity.

Besides regulation of TLR4, CD14 appears to control the func-
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tions of multiple TLRs (TLR2, -3, -7, and -9) (13, 14, 27, 28). Both
MyD88 and TRIF signaling pathways are downstream of TLRs
and CD14. During S. mansoni infection of TLR2- or TLR3-defi-
cient mice, no difference in pathology or infection was observed
compared to wt mice, although both TLRs were required to acti-
vate DCs with helminth antigens in vitro (29). In this regard, Lay-
land et al. demonstrated that TLR2 inhibited Th1 responses and
promoted regulatory T cells in murine S. mansoni infection
(30) and additionally demonstrated that schistosome-infected
Myd88~'~ mice had smaller and more-fibrotic granulomas than
infected wt mice, along with enhanced expression of schistosome
egg-specific IL-13, coincident with reduced IFN-y production
(31). Our results with schistosome-infected Cd14~'~ mice are
similar to those reported by Layland et al., other than they did not
evaluate the roles of TLR2 or MyD88 in driving alternative activa-
tion of macrophages (30, 31).

The impact of CD14 on IgE was an important question to
investigate, as elevated levels of IgE are a hallmark of helminth
infection and allergic diseases. We found that schistosome-in-
fected Cd14~'~ mice having elevated levels of IgE is similar to the
levels of soluble CD14 (sCD14) in the sera of individuals carrying
polymorphisms in the Cd14 gene being inversely correlated with
IgE levels, as reported previously (19, 32-34). It is worthwhile to
note that CdI4 is located in the same cluster on chromosome
location 5q31 as the Th2 cytokine IL-4, IL-13, IL-5, and IL-9
genes, suggesting that polymorphisms in the Cd14 gene may be
involved in regulation of Th2-type responses (35-39). Further,
polymorphisms in the Cd14 gene may be involved in the regula-
tion of host egg granuloma pathogenesis in humans, as polymor-
phisms in the 531 to -33 region have been shown to be related to
the susceptibility of humans to schistosomiasis (40). In terms of
pathogenesis in a population, polymorphisms in CD14 may be
one host genetic factor determining the levels of pathogenesis in
schistosomiasis. Clearly, additional studies examining the role of
CD14 in the regulation of immune responses need to be per-
formed before such a hypothesis can be confirmed.

Why negatively regulate Th2 responses and alternative activa-
tion? We hypothesize that one potential role of CD14-mediated
negative regulation is to limit Th2-type responses and the coinci-
dent recruitment/expansion of AA macrophages resulting in re-
duced fibrosis. Our results are consistent with this hypothesis. In
vitro studies show that antigens derived from egg and adult stages
of S. mansoni can stimulate APCs to drive proinflammatory as well
as anti-inflammatory responses via TLRs and C-type lectin recep-
tors (CLRs) (9). Glycolipids from schistosomes can also activate
dendritic cells via TLR4 and DC-SIGN to produce proinflamma-
tory cytokines (8). This suggests that TLRs may be involved in
recognition of helminth antigens to modulate macrophage acti-
vation in vivo. Not only glycolipids but also live S. mansoni eggs or
dsRNA isolated from these eggs can induce proinflammatory re-
sponses via TLR3 in APCs similar to that of poly(I-C). Lee et al.
and others have shown that CD14 recognizes nucleic acids to reg-
ulate TLR3 (dsRNA) as well as TLR7 and -9 functions (13, 14),
suggesting that CD14 may help in recognition of glycolipids as
well as dsRNAs in controlling macrophage M1 activation and im-
mune responses during schistosome infection. This may be true,
as we observed significant decreases in the expression of M1
marker Nos2 in the livers of Cd14~’~ mice compared to wt con-
trols (Fig. 2). The decreased M1 activation was associated with
increased M2 (Ym1 and Relma) markers (Fig. 2), indicating that
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CD14 may regulate M1 and M2 phenotypes in livers of S. man-
soni-infected mice. Alternatively activated (M2) macrophages are
critical regulators of immune responses during schistosome infec-
tion, with tissue-trapped eggs becoming surrounded by macro-
phages, eosinophils, and neutrophils to form granulomas (26).
H&E staining along with antibodies against Ym1l or RELMa
showed that these alternative activation markers were highly up-
regulated in granulomas of Cd14 '~ mice compared to wt con-
trols. Our observation that among hepatic egg granulocytes mac-
rophages are the major source of CD14 expression and our finding
that adoptive transfer of wt macrophages into Cd14~'~ mice was
sufficient to normalize alternative activation and CD4™ Th2 re-
sponses (Fig. 7) suggest that CD14 expression by macrophage is a
key regulator of macrophage M1/M2 plasticity. This is supported
by earlier observations that alternatively activated macrophages
regulate helminth-induced Th2 immune responses in vivo (41,
42). Eosinophil populations in the livers of infected Cd14 '~ mice
also showed enhanced alternative activation yet did not show ex-
pression of CD14 (Fig. 6), suggesting that increased Th2 responses
(IL-4/IL-13) and/or alternatively activated macrophages in the
livers of infected Cd14 '~ mice account for the increased alterna-
tive activation of eosinophils. Similarly, Voehringer et al. demon-
strated that alternatively activated macrophages are directly re-
sponsible for the recruitment of eosinophils during helminth
infection in mice (17). Additional studies need to be performed to
examine how eosinophil recruitment/activation is influenced by
macrophage phenotype and host immune responses during hel-
minth infection.

Our finding that adoptive transfer of wt macrophages into
Cd14™'~ egg-sensitized and -challenged mice was sufficient to
normalize macrophage and CD4" Th phenotypes provided the
rationale for examining regulatory signaling pathways in macro-
phages where CD14 may be regulatory. Our in vivo observation
that STAT6 activation in the livers of infected Cd14~'~ mice was
increased suggests that CD14 regulates IL-4Ra-STAT6-depen-
dent alternative activation of macrophages (Fig. 8). This is sup-
ported by our observation that Cd14~'~ APMs or bone marrow-
derived macrophages (BMDMs), when stimulated with equal
concentrations of M2 polarizing agent IL-4 with or without TLR2,
-3, or -4 ligand in vitro, displayed significantly increased M2
polarization compared to wt macrophages (S. Tundup, L. Srivas-
tava, and D. Harn, unpublished data), suggesting that there exists
aregulatory network between CD14- and IL-4Ra-mediated path-
ways. Overall, these studies suggest that CD14 influences the Th1-
Th2 balance, possibly by regulating macrophage M1/M2 pheno-
type during schistosome infection.

In summary, the data presented in this paper identify a unique
regulatory role of CD14 in macrophage activation, pathology, and
immune responses in vivo during helminth infection. Given that
activation and recruitment of macrophages are dominant features
of many inflammatory diseases, such as cancer and autoimmune,
cardiovascular, metabolic, and allergic diseases, CD14 may serve
as a potential, broadly immunotherapeutic target for numerous
proinflammatory diseases.
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