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Introduction

Summary

The early pathogen—-macrophage interactions that help drive macrophage
maturation towards classically or alternatively activated are largely
unknown. To examine this question we utilized the immunomodulatory
glycan Lacto-N-fucopentaose III (LNFPIII), which contains the Lewis X
(LeX) trisaccharide, to activate murine peritoneal macrophages in vivo.
Because LNFPIII is known to induce anti-inflammatory responses, we
asked if LNFPIII stimulation of macrophages in vivo initiates alternative
activation events such as upregulation of Arginase 1, Yml, FIZZ-1,
MGL-1 or macrophage mannose receptor (MMR). Examination of perito-
neal exudate cells from mice 20 hr post-LNFPIII injection demonstrated
increased Arginase 1 activity, at the mRNA and protein levels, coincident
with undetectable inducible nitric oxide synthase expression or nitric
oxide production. In addition to Arginase 1, Ym1 expression was also sig-
nificantly upregulated at 20 and 48 hr after LNFPIII exposure in vivo.
However, the expression of FIZZ-1, MGL-1, and MMR was not changed
in these macrophages. In an attempt to determine activation requirements
for functional activity, we adoptively transferred antigen-pulsed, in vivo
LNFPIII activated macrophages into naive recipients and found that they
were capable of triggering recipient T cells to secrete elevated levels of
interleukin (IL)-10 and IL-13 compared to mice receiving control macro-
phages. Together, these data demonstrate that upregulation of expression
of Arginase 1 and Yml occur very early in activation of macrophages,
and can be independent of other alternatively activated (AA) macrophage
markers. Importantly, these early events appear to be IL-4/IL-13-indepen-
dent in our model. In the future we hope to determine if upregulation of
these initial AA maturational events is sufficient for these macrophages to
exert immunoregulatory activity in vivo.
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acterized via expression of inducible nitric oxide synthase
(iNOS) and production of oxygen and nitrogen radicals

Macrophages play significant roles in innate and adaptive
immune responses to pathogens. Macrophages can be
either classically activated (CAMphs) via signals from
interferon-y (IFN-y) and interactions with pathogens, or
alternatively activated (AAMphs) by interleukin (IL)-4/
IL-13 plus pathogen interaction. AAMphs are involved in
resolution of inflammation.'™ Thus, macrophages exhibit
significant phenotypic plasticity to control immunological
balance in the microenvironment. CAMph are well char-

in response to IFN-y in combination with tumour necro-
sis factor (INF) or stimuli that induce TNF. AAMphs
have been observed in human placenta, in pregnancy, in
the lung, and during parasitic and fungal infection.®"*
The presence of AAMph is often associated with T helper
2 (Th2) immune responses to antigen and characterized
by upregulation of Arginase 1 expression coincident with
downregulation of iNOS expression with respective prod-
uct release.'” Recently, a third population of macrophages,

Abbreviations: LNFPIII, lacto-N-fucopentaose III; LeX, Lewis X, AA, alternatively activated.
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type II-activated macrophages (II-Mph), activated in the
presence of immune complexes and producing IL-2 and
IL-10 were described.” Thus, knowing which type of
macrophage phenotype to expand, as well as identifying
early activation events that drive expansion of these vari-
ous types of macrophages, is important in terms of devel-
opment of vaccines or therapeutic applications for
various diseases. Activation plasticity of macrophages has
a critical physiological role and might be useful for
immunotherapy in the fields of autoimmune diseases and
cancer.>™"” Several markers/receptors associated with AA
macrophages have been described and include Arginase 1,
FIZZ-1, Ym1, MGL-1, and macrophage mannose receptor
(MMR).>7!®20 Interestingly, these AAMph markers are
not each consistently expressed on AAMphs, and their
expression appears to be partially dependent on the actual
disease, the stage of disease, or differential expression at
different sites of diseased mice.'™'"*' Because there is no
established definition of which markers constitute an
AAMph phenotype, it is still unclear if two or more
markers must exist on these macrophages to be consid-
ered AAMph.

Lacto-N-fucopentaose III (LNFPIII) is an immuno-
modulatory glycan containing the Lewis X (LeX)
trisaccharide. Expression of LNFPIII/Lewis X has been
associated with immunosuppressive states, being found in
breast milk, the urine of pregnant women, on the tropho-
blast, on various tumours and during numerous parasitic
and viral infections.”* > Previously, we demonstrated that
LNFPII injection induced the expansion of peritoneal
macrophages capable of suppressing naive T-cell prolifera-
tion in vitro.® Further, administration of LNFPII was
shown to prevent development of psoriatic-like lesions in
fsn/fsn mice in vivo.”' Understanding the initial activation
events that bestow functionality as well as the role(s)
alternatively activated macrophages play in vivo are
important questions to investigate if the goal of various
therapies is to induce their activation. Currently, little is
known regarding the early activation events as well as the
minimal maturational changes required to bestow func-
tional AAMph activity in vivo.

In this study, we demonstrate that the immunomodula-
tory glycan LNFPIII rapidly upregulated the expression of
Arginase 1 and Yml on macrophages. Upregulation of
these markers was IL-4/IL-13 independent, as LNFPIII
was able to upregulate these markers on macrophages
from IL-4Roa knockout (KO) mice. Interestingly, while
LNFPIII activated macrophages did not show upregula-
tion of other AAMph markers, FIZZ-1, MGL-1 and
MMR 20 hr after LNFPIII injection, adoptive transfer of
these macrophages into (OVA)-specific
DO.11.10 mice induced naive T cells to produce signifi-
cantly elevated levels of IL-10 and IL-13, demonstrating
that expression of these other AAMph associated mole-
cules were not required for AAMph function in vivo.

ovalbumin
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Materials and methods

Mice and injection

Six to 8-week-old female BALB/c, DO.11.10 and
IL-4Ro™1%%/] KO mice were purchased from Jackson Lab-
oratory (Bar Harbor, ME) and maintained under specific
pathogen-free conditions at the animal facility of the Har-
vard School of Public Health. LNFPIII and the carrier
molecule dextran were provided by Neose Technologies
Inc., Horsham, PA. The neo-glycoconjugate LNFPIII-dex
was prepared by Dr Thomas Norberg. The neo-glycocon-
jugate consisted on average of eight LNFPIII (853-8 MW)
molecules/40 x 10> MW molecule of dextran (Dex). Mice
were injected intraperitoneally (i.p.) with 50 pg of
LNFPIII-dex or Dex in phosphate-buffered saline.

Cells and cell culture

Peritoneal exudate cells (PEC) were collected as previously
described®® 20 hr post intraperitoneal injection with
LNFPIII-dex or Dex. Collected cells were washed in RPMI-
1640 medium supplemented with 10% fetal bovine serum
(Hyclone, Logan, UT), 100 U/ml penicillin, 100 pg/ml strep-
tomycin (Sigma, St. Louis, MO), 0-05 mm 2-mercapto-
ethanol, and 2 mm glutamine (Gibco, Grand Island, NY).
Adherent PEC were harvested after 2 hr incubation at 37°
in six-well plates and used as peritoneal macrophages.

Adoptive transfer

Groups of mice were injected with 50 pg/ml of Dex or
LNFPIII-dex for 20 hr. PEC were isolated, pooled and
cultured for 1 hr with 1 um OVA peptide (OVAjz3.239
peptide; Sigma-Genosys, Woodlands, TX). Adherent cells
were collected and 1 million cells in 200 pl were injected
ip. in two groups of four DO.11.10 mice. Splenocytes
from individual recipient mice 5-6 days post-transfer
were isolated and plated in the presence of OVA peptide
(100 and 1000 nm) for 72 hr. Supernatants from cultured
cells were harvested and enzyme-linked immunosorbent
assays (ELISA) assays were performed according the
manufacturer’s protocols (R&D systems, Minneapolis,
MN) for each cytokine: IFN-y, IL-4, IL-10, IL-13 and
transforming growth factor-f (TGF-P).

Fluorescence-activated cell sorting (FACS) staining

Cells were stained for 30 min at 4° using conventional
protocols. Cells were incubated with anti-Fc-yR antibody
(clone 2.4G2) (1 ug/lO6 cells), and then stained with
following antibodies: fluoroscein isothiocyanate (FITC)/
antigen-presenting cell (APC)-conjugated F4/80 antibody
(Serotec), programmed death ligand 1 (PD-L1)-phyco-
erythrin (PE), inducible costimulator ligand (ICOS-L)-PE,
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CD80-PE, CD86-PE, A-I/A-E-PE, intracellular adhesion
molecule-1 (ICAM-1)-PE (BD BioSciences, San Jose, CA).

Arginase activity

Arginase activity in cell lysates of PEC was measured
based on the conversion of L-arginine to L-ornithine and
urea according to the technique described by Corraliza
et al, 1994.>* Briefly, cells were lysed for 30 min with
40 ul of 0-1% Triton-X-100. Thirty pul of 25 mm Tris-
HCl, pH 7-4 and 10 pl of 10 mm MnCl, were added,
and the enzyme was heat-activated for 10 min at 56°.
Similar amounts of sample (40 pl) and 0-5 M L-arginine
(pH 9-7) were mixed and incubated for 1 hr at 37°. The
reaction was stopped with 400 pl of H,SO, (96%),
H;PO, (85%), H,O (1/3/7, v/v/v). The urea concentra-
tion was measured at 540 nm after the addition of 8 pl
of o-isonitropropiophenone, followed by heating at 95°
for 20 min. One unit of enzyme activity is defined as the
amount of enzyme that catalyses the formation of
1 pmol urea per 1 hr.

Reverse transcription—polymerase chain reaction
(RT-PCR) assay

RNA was purified using TRIzol Reagent (Invitrogen,
Carlsbad, CA) according to manufacturer’s instructions.
One pg of total RNA from each sample was used to syn-
thesize ¢cDNA using the ThermoScript Kit (Invitrogen).
Gene expression of Arginase 1, iNOS and [B-actin was
determined via multiplex RT-PCR using the primer pairs
listed in Table 1. Expression levels of YM1, FIZZ1, MMR,
MGL-1 and B-actin were determined by standard RT—
PCR using primers listed in Table 1. Genes were ampli-
fied using the AccuPrime Taq DNA polymerase (Invitro-
gen) for 35 cycles (95° for 1 min, 55° for 1 min and 68°

LNFPIIl/Lewis X activated macrophages

for 1 min) which were proceeded with 10 min incubation
at 68°. PCR products were separated onto 2% agarose
gels, images were acquired using Kodak Image Station
440FC, and band intensities were determined using the
associated Kodak software. Band intensities were normal-
ized to P-actin, and fold increase/decrease in gene expres-
sion over the control (uninjected) was calculated.

Quantitative RT-PCR

RNA was purified using RNeasy Kit according to the
manufacturer’s instructions (Qiagen, Valencia, CA).
cDNA was synthesized using 1 pug of RNA and iScript Kit
according to manufacturer’s instructions (Bio-Rad, Her-
cules, CA). Real-time PCR primers for Arginase 1, Yml,
FIZZ-1, and reduced glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) were purchased from Applied
Biosystems (Foster City, CA). Real-time PCR was con-
ducted with the ABI 7300 sequence detection system using
TagMan Master Mix (Applied Biosystems) following man-
ufacturer’s instructions. For data analysis, the comparative
threshold cycle (Ct) value for GAPDH was used to nor-
malize loading variations in the real-time PCRs. A AACt
value was then obtained by subtracting control ACt values
from the corresponding experimental ACt. The AACt val-
ues were converted to fold difference compared with the
control by raising two to the AACt power.

Western blotting

Freshly isolated macrophages were lysed with 1% Triton-
X-100 buffer. Samples (20 ng protein/lane) were subjected
to electrophoresis in 12% sodium dodecyl sulphate—poly-
acrylamide gels, and then blotted onto 0-45-pm polyvinyli-
dene difluoride membranes. Membranes were blocked
for 1 hr at room temperature with 5% dry skimmed milk

Table 1. Invitrogen primers

Product
Primers Primer sequence size (bp)
B-Actin S 5'-TGG AAT CCT GTG GCA TCC ATG AAA C-3' 349
AS 5'-TAA AAC GCA GCT CAG TAA CAG TCC G-3’
MGL-1 S 5'-ATG ATG TCT GCC AGA GAA CC-3' 252
AS 5'-ATC ACA GAT TTC AGC AAC CTT A-3'
MMR S 5'-GCA AAT GGA GCC GTC TGT GC-3 280
AS 5'-CTC GTG GAT CTC CGT GAC AC-3'
iNOS S 5'-CCC TTC CGA AGT TTC TGG CAG C-3' 497
AS 5'-GGC TGT CAG AGC CTC GTG GCT TTG G-3
Arginase 1 S 5'-ATG GAA GAG ACC TTC AGC TAC-3' 220
AS 5'-GCT GTC TTC CCA AGA GTT GGG-3'
FIZZ-1 S 5'-TCC CAG TGA ATA CTG ATG AGA-3 213
AS 5'-CCA CTC TGG ATC TCC CAA GA-3'
Yml S 5'-GGG CAT ACC TTT ATC CTG AG-3 305
AS 5'-CCA CTG AAG TCA TCC ATG TC-3
S, sense; AS, antisense.
© 2008 Blackwell Publishing Ltd, Immunology, 125, 111-121 113
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in Tris-buffered saline (20 mm Tris-HCI, pH 7-6, 137 mm
NaCl plus 0-05% (v/v) Tween 20) and then probed with
rabbit anti-Arginase 1 antibody (1 : 1000; BD-Pharmin-
gen) overnight at 4°. Membranes were washed and incu-
bated for 2 hr at room temperature with secondary goat
anti-rabbit antibody conjugated with horseradish peroxi-
dase (1:2000; Cell Signaling). Loading controls were
determined by stripping the same membrane and reprob-
ing with anti-extracellular signal-related kinase (ERK)
antibody. Results were visualized by chemiluminescence
detection using SuperSignal West Pico Chemiluminescent
System (Pierce, Rockford, CA).

Statistical analysis

Statistical significance of differences among groups was
determined by Student’s ¢-test.

Results

Arginase 1 expression and activity of PEC from
LNFPIII-injected mice

Previous studies documented that a single intraperitoneal
injection of LNFPIII-dex for 20 hr was sufficient to
induce the expansion of F4/80" cells capable of suppress-
ing naive T-cell proliferation in response to anti-CD3/
CD28 stimulation in vitro.>° In this study, we decided to
further analyse both phenotypically and functionally, the
peritoneal macrophages activated via LNFPIII-dex injec-
tion. We initially investigated the release of products of
activated enzymes iNOS and Arginase 1 as they share
L-arginine as a common substrate and are differentially
expressed in CA versus AAMphs.

Adherent PEC collected 2 hr after LNFPIII-dex or Dex
injection showed low levels of Arginase 1 activity. How-
ever, at 20 hr post-injection, while Arginase 1 remained
low in PEC from Dex injected mice, the Arginase 1 activ-
ity of PEC from LNFPIII-Dex injected mice was signifi-
cantly increased (P < 0-001) (Fig. la). Furthermore,
Western blot analysis showed an upregulation of Arginase
1 in PEC from mice injected with LNFPIII-dex for 20 hr
(Fig. 1b). On the other hand, nitric oxides were not
detectable in the media of PEC obtained from LNFPIII-
dex or Dex injected mice cultured for 24—48 hr (data not
shown).

Because at 2 hr after LNFPIII-dex injection we did not
find any differences in Arginase 1 expression but did see
Arginase 1 activity increased at 20 hr, we decided to
determine Arginase 1 and iNOS expression at 20 and
48 hr after LNFPIII-dex injection. Gene expression of
Arginase 1 and iNOS was analysed by multiplex RT-PCR
analysis using gene specific primers for P-actin (as an
endogenous control for normalization) iNOS and Argi-
nase 1. We found upregulation of Arginase 1 expression
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Figure 1. LNFPIII-dex upregulates Arginase 1 and Yml of PEC
in vivo. Groups of five to six mice were left uninjected or injected
with 50 pg of Dex or LNFPIII-dex. Mice were killed at indicated
time points and peritoneal macrophages were isolated. (a) Argi-
nase 1 activity was determined in PEC lysates from all mice as
described in Materials and methods. One unit of enzyme activity
is defined as the amount of enzyme that catalyzes the formation
of 1 pmol urea per 1 hr. All data of four experiments are summa-
rized and expressed as the mean + SD. A statistical significance
between groups was determined by Student’s t-test (P < 0-001),
and significant differences are indicated with asterisk. (b) Western
blot analysis of Arginase 1 in PEC obtained from uninjected mice
(lane 1), 2 hr Dex-injected mice (lane 2), 2 hr LNFPIII-dex
injected mice (lane 3), 20 hr LNFPIII-dex injected mice (lane 4).
PEC stimulated with 20 ng/ml rmIL-4 (lane 5) and 1 pg/ml lipo-
polysaccharide (LPS) + 20 ng/ml IFN-y (lane 6) for 20 hr were
used as positive controls. The same blot was stripped and rep-
robed with anti-ERK antibody. (c) Expression levels of Arginase 1
and iNOS were determined by multiplex RT-PCR for PEC from
uninjected mice (lane 1), mice injected with Dex for 20 hr (lane 2)
or 48 hr (lane 4), LNFPIII-dex for 20 (lane 3), or LNFPIII-dex
for 48 hr (lane 5), positive control represents the PEC stimulated
with LPS + IFN-y (lane 6). (d) Gene expression of Yml, FIZZI,
MMR and MGL-1 in PEC from unjected mice (lane 1), injected
with 50 pg/ml of Dex (lane 2), LNFPIII-dex for 20 hr (lane 3) or
LNFPIII-dex for 48 hr (lane 4) was determined by RT-PCR. The
RT-PCR figures are representative of three independent experi-

ments.
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at 20 hr after LNFPIII-dex mice injection and no iNOS
expression at any time points (Fig. 1c).

AAmacrophage markers expression following
LNFPIII-dex stimulation

Upregulation of Arginase 1 in LNFPIII-treated macro-
phages led us to further investigate LNFPIII-elicited
macrophages in regards to other markers associated with
alternatively activated macrophages. Besides Arginase 1,
the expression of genes coding for MMR (CD206), MGL-1,
FIZZ-1, and Ym1 have been shown to be upregulated in
AAMPh during parasite infections.>'®?—¢

We analysed expression of the genes encoding MGL-1,
MMR, FIZZ-1 and YmI1 by RT-PCR. We found that sim-
ilar to Arginase 1, Yml expression was significantly up-
regulated 20 hr after LNFPIII injection. Ym1 expression
was continuously upregulated at 48 hr after LNFPIII-dex
injection (Fig. 1d). As compared with Dex-injected mice,
MGL-1, FIZZ-1, and MMR mRNA expression was not
increased in LNFPIII-stimulated macrophages neither at
20 nor at 48 hr after injection.

LNFPIIl/Lewis X activated macrophages

Taken together, these data indicate that peritoneal
macrophages from LNFPIII-dex injected mice demonstrate
a unique phenotype we would associate with AAMph.

Upregulation of maturation markers on macrophages
after LNFPIII-dex injection

To examine the ability of LNFPIII-dex to induce matura-
tion of PEC, we injected BALB/c mice with 50 pg of
LNFPIII-dex or Dex for 20 hr. PEC were stained as
described in Materials and methods for CD80, CDS86,
major histocompatibility complex (MHC) class II and
ICAM-1 and analysed by FACS. FACS analysis showed
that CD80 and ICAM-1 were upregulated on PEC from
LNFPIII-dex injected mice compared to PEC from Dex-
injected mice (Fig. 2). MHC class II and CD86 were not
altered after LNFPIII-dex stimulation. These data clearly
show that LNFPIII-dex induces macrophage activation via
selective upregulation of maturation markers CD80 and
ICAM-1.

In addition to CD80 and CD86, the co-stimulatory
molecules PD-L1, PD-L2 and ICOS-L have been reported
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to play a significant role in macrophage function in schis-
tosome infections.’” > Characterization of peritoneal cells
20 hr after LNFPIII-dex injection revealed that the num-
bers of F4/80" cells co-expressing PD-L1 but not PD-L2
was constantly increased on PEC from LNFPIII injected
mice compared to Dex-injected mice. Further, we also
detected upregulation of ICOS-L on PEC from LNFPIII-
dex injected macrophages in each of four experiments
(Fig. 2a). CD80 and PD-L1 expression were similarly ele-
vated on macrophages 48 hr after LNFPIII-dex injection
(Fig. 2b). These data strongly indicate that LNFPIII-dex
induces macrophage activation with specific upregulation
of costimulatory molecules and selective markers of APC
activation.

Functional activity of LNFPIII-dex stimulated
macrophages

Finally, because our data showed that LNFPIII-dex injec-
tion initiated alternative macrophage activation, we asked
if LNFPIII-dex activated macrophages would display
function in vivo. Prior to performing adoptive transfer
experiments we tested the spontaneous production of
cytokines from in vivo LNFPIII-dex activated macrophages
by plating them in vitro for 48 hr. Interestingly high
level of TGF-P was detected in all macrophage cultures
(control and LNFPIII-dex activated). Further, the concen-
trations of CCL-17 and IL-10 were below the detectable
levels (data not shown). Thus, there was no distinct
LNFPIII induced cytokine/chemokine profile based on the
mediators we assayed for.

To determine if LNFIII-dex activated macrophages were
capable of mediating immunomodulatory capacity, we
performed adoptive transfer experiments using DO.11.10
OVA T-cell receptor transgenic mice. PEC from LNFPIII-
dex or Dex-injected mice were harvested, pulsed with
OVA peptide for 1 hr and then adherent cells were adop-
tively transferred by injection into the peritoneal cavity of
DO.11.10 mice. Five to 6 days post adoptive transfer
splenocytes were harvested and analysed for OVA pep-
tide-specific cytokine responses. As shown in Fig. 3, adop-
tive transfer of LNFPIII activated PEC induced a different
antigen-specific recall response as compared to mice that
received Dex-activated macrophages. In each of four sepa-
rate experiments, we found that secretion of IL-10 and
IL-13 was significantly increased in mice that received
LNFPIII-dex macrophages. We also observed that secre-
tion of IL-4 was increased in each of the four experi-
ments, but that increase though consistent, was
statistically not significant. Surprisingly, IFN-y secretion
was not significantly decreased in splenocyte cultures
from mice that received LNFPIII-dex activated PEC but
was at the same level as in control group. Thus, the ratio
of IL-13/IFN-y in the supernatants of splenocytes from
mice injected with LNFPIII-treated macrophages was
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Figure 3. Functional activity of LNFPIII-dex stimulated macrophages
in vivo. Groups of four to six mice were injected with 50 pg/ml of
Dex or LNFPIII-dex for 20 hr. PEC were isolated, pooled and plated
for 1 hr with 1000 nm of OVA peptide (OVAj;,5_339). Adherent cells
were collected and 1 million cells were injected i.p. to groups of four
DO.11.10 mice. In 5-6 days splenocytes from individual mice were
isolated and plated in the presence of OVA peptide (100 and
1000 nm) for 72 hr. Cytokines were measured by ELISA. Four
independent experiments were performed. Summarized data are
shown as mean + SD. A statistical significance between groups was
determined by Student’s t-test (P < 0-05), and significant differences
are indicated with an asterisk.

higher than in mice injected with Dex-treated macro-
phages. It is important to mention that proliferation of
isolated T cells from spleens of both groups was not altered,
indicating that adoptively transferred macrophages did not
suppress the proliferative capacity of recipient T cells.

Role of IL-4 and IL-13 on the ability of LNFPIII to
activate macrophages

It has been reported that the appearance of AAMph was
IL-4/TL-13 dependent.”*>*! To verify the dependence of
Arginase 1 and Yml expression on the presence of IL-4
and IL-13 we utilized IL-4Ro™'~ mice, which are deficient
in IL-4 and IL-13 signalling.***> We found that i.p.injec-
tion of LNFPIII-dex upregulated the expression of both
Arginase 1 and Yml on PEC from IL-4Ro ", and wild
type mice to similar levels (Fig. 4a,b). To confirm these
data, we performed a quantitative real-time PCR (qRT-—
PCR) analysis. qRT-PCR demonstrated that LNFPIII
injection significantly increased the expression of both

© 2008 Blackwell Publishing Ltd, Immunology, 125, 111-121
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Figure 4. Role of IL-4 and IL-13 on LNFPIII-elicited macrophages.
Groups of wild type mice (WT) or IL-4Ra KO mice were left unjected
(lane 1, WT; lane 4 KO), injected with 50 pg/ml of Dex (lane 2, WT;
lane 5 KO), LNFPIII-dex for 20 hr (lane 3, WT; lane 6 KO). Total
RNA was isolated using TRIzol reagent, and gene expression was
determined by RT-PCR for iNOS and Argiase 1 (a), and Yml and
FIZZ-1 (b). (a) and (b) RT-PCR figures are representative of at least
three independent experiments. (c) Real-time PCR was performed for
Arginase 1, Yml, and FIZZ-1 expression in PECs from wild type and
IL-4Rat KO mice. Total RNA was isolated using Qiagen RNeasy Kit.
GAPDH was used to normalize loading. Results of two independent
experiments are summarized and presented as a fold of differences
over the control (uninjected). Data are shown as mean + standard
error. (d) PEC from the same mice were stained for F4/80, CD80 and
PD-L1. Expression of CD80 and PD-L1 was analysed for gated F4/80"
cells. The thin line depicts the expression of surface markers from
PEC of Dex-injected mice and the thick line depicts the expression
from LNFPIII-dex injected mice. The results for one representative of
two independent experiments are shown.

Arginase 1 and Ym1 on PEC from both wild type (BALB/c)
and IL-4Ro™"~ mice (Fig. 4c). Arginase 1 expression was
6:6- and 9-5-fold higher (wild type and IL-4Ro KO,
respectively) than in the control (uninjected) while Yml

© 2008 Blackwell Publishing Ltd, Immunology, 125, 111-121
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was 13-fold higher in both strains of mice. Thus, no sig-
nificant differences were observed in the ability of
LNFPIII to upregulate Arginase 1 or Yml between wild
type and IL-4Ra KO mice. In both strains LNFPIII-dex
injection resulted in a slight decrease in FIZZ-1 expres-
sion. These data show that in our experimental conditions
the ability of LNFPIII-Dex to upregulate Arginase 1 and
Yml expression on macrophages was IL-4/IL-13-indepen-
dent. Based on this data we also examined whether IL-4/
IL-13 were required for LNFPIII mediated upregulation
of co-stimulatory molecules. Similar to wild type mice
(Fig. 3), we detected upregulated expression of PD-L1
and CD80 on the surfaces of LNFPIII activated macro-
phages (Fig. 4d) from IL-4Ro. KO mice.

Discussion

Macrophages are important innate immune cells whose
activation status can directly or indirectly influence the
ensuing adaptive immune responses to pathogens.
Depending on the nature of the disease or the pathogen
macrophages exhibit a plasticity that allows them to
respond in a pro-inflammatory or anti-inflammatory
manner.'” For example, during the early and acute phases
of Schistosoma mansoni infection, macrophages produce
pro-inflammatory mediators and drive CD4" T cells
towards the Th1 type. Once eggs begin to be deposited in
tissues, the phenotype of tissue macrophages switches to
alternatively activated and these macrophages either regu-
late T cells or drive them towards the Th2 type.***’
LNFPIII is an immunomodulatory pentasaccharide which
contains the Lewis X trisaccharide, and is found in schisto-
some soluble egg antigen. LNFPIII was previously shown
to induce the expansion of F4/80" Grl® macrophages
with immune suppressive capacity in the peritoneal
cavities of otherwise naive mice.’® However, our previous
study did not thoroughly examine the phenotype of
LNFPIII stimulated macrophages or their in vivo effect on
T cells. To answer these questions, we initially examined
the activation phenotype of peritoneal macrophages 20 hr
post-injection of LNFPIII-dex neo-glycoconjugates. Our
initial observation indicated that 2 hr post-injection was
insufficient time for LNFPIII to have induced measurable
effects on peritoneal macrophages. However, by 20 hr
post-injection we found that LNFPIII-dex stimulated
macrophages had significantly upregulated expression and
activity of Arginase 1 as well as expression of Yml, both
markers of alternatively activated macrophages. Examina-
tion of other alternative activation markers demonstrated
that LNFPIII-dex stimulation did not induce upregulated
expression of FIZZ-1, MGL-1 or MMR. This finding
suggests that as soon as 20 hr post-injection LNFPIII-dex
stimulation was driving peritoneal macrophages to
develop towards AAMphs. LNFPIII induced upregulation
of Arginase 1 is in agreement with results of other
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investigators studying Arginase activity in S. mansoni
infected mice.*® During S. mansoni infection of mice
granulomas form around tissue-trapped eggs and this is
accompanied by production of IL-13.*”** High levels of
IL-13 in addition to IL-4 can drive macrophage matura-
tion towards alternatively activated, including induction
of Arginase 1 expression.”*>*"** The innate source of
IL-4 and IL-13 at an early time after infection, and
presumably 20 hr after LNFPIII-dex injection, could be
eosinophils and mast cells.’**!  However, Arginase 1
upregulation has been shown to occur independent of
IL-4/IL-13 expression in Trypanosoma congolense-infected
mice.”’ To rule out the possible influence of both IL-4
and IL-13 in macrophage activation 20 hr after LNFPIII-
dex injection we used IL-4Ra™’~ mice in our experiments.
Interestingly, our data clearly show that the ability of
LNFPIII-dex to induce upregulation of Arginase 1 and
Ym1 expression is independent of IL-4 and IL-13.

It is known that LNFPIII binds to at least three differ-
ent C type lectins,’>*” and leads to alternative nuclear
factor-kB activation.”® Binding of LNFPIII to C type lec-
tins on the surface of macrophages may induce the
upregulation of Arginase 1 and Yml directly without the
need of IL-4/IL-13. Further, it is possible that in vivo
injection of LNFPIII induces the production of mediators
such as IL-10 by other cells in the peritoneum that may
play a role in macrophage activation. However, at this
time, the exact mechanism by which LNFPIII leads to
alternative activation of macrophages is unknown.

Schistosoma mansoni eggs trapped in the liver induce
fibrosis. During S. mansoni infection AAMph play a role
in tissue remodelling and fibrosis®* and are associated
with production of proline.”>>® Thus, tissue-trapped eggs,
which secrete glycolipids and glycoproteins or injection
with the immunomodulatory glycan LNFPIII, both induce
macrophages to upregulate Arginase 1 expression and
suggests that egg glycans are involved in in vivo response
to infection. Macrophages obtained from S. mansoni-
infected mice or LNFPIII-dex injected mice have similar
surface phenotypes and suppressor activity. Thus, we
expected similar to macrophages from infected mice mac-
rophages from LNFPIII-injected mice will upregulate
expression of AAMph markers Yml and FIZZ-1. Yml
and FIZZ-1 expression is upregulated on macrophages
during chronic helminth infections.***>*° Interestingly,
Loke et al.” recently found that surgical trauma leads to
rapid elevation of both of these markers. In our study we
found that LNFPIII-dex stimulation only upregulated
Yml expression at 20-48 hr post-injection. Although
LNFPIII did not upregulate FIZZ-1 by 20-48 hr post-
injection, similar to filarial infection, S. mansoni infection
has been shown to upregulate both Yml and FIZZ-1
expression (our unpublished observations and34). Exam-
ining AAMphs in schistosome-infected mice, Herbert
et al”’ concluded that alternative macrophage activation
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was not required for granuloma formation during acute
schistosomiasis, but that they were essential for down-
regulation of pro-inflammatory Thl immune responses
and survival. Our results show that a single injection of
LNFPIII-dex does drive peritoneal macrophages to initiate
alternative activation, but is insufficient to completely
mimic the changes to macrophages that occur during
S. mansoni infection.

In contrast to Arginase 1 and Yml which expression
was upregulated at 20 and 48 hr post-injection of
LNFPIII-dex, other markers of AAMph FIZZ-1, MGL-1
and MMR were expressed on peritoneal macrophages but
were not upregulated by LNFPIII-dex at different time
points. Thus, similar to the results with Arginase 1, the
finding that Yml is rapidly upregulated after LNFPIII
stimulation supports the observation that LNFPIII-dex is
driving peritoneal macrophages towards development of
AAMphs.

An exciting aspect of this study was the observation
that LNFPIII-dex stimulated macrophages were functional
in terms of their ability to adoptively transfer an antigen-
specific Th2-type bias to recipient mice. Twenty hr post-
injection of LNFPIII-dex, peritoneal macrophages were
isolated and pulsed with OVA peptide then transferred
into naive DO11.10 transgenic mice. Splenic CD4" T cells
from mice that received OVA-pulsed LNFPIII-dex acti-
vated macrophages secreted significantly higher amounts
of IL-13 and IL-10 in response to OVA peptide in vitro.
Though not significant, we also found the level of IL-4
upregulated in each of the four experiments. We do not
know at this time how LNFPIII-dex activated macrophages
are modulating CD4" T-cell antigen-specific cytokine pro-
duction in recipient mice. However, it is possible that in
addition to cell surface co-stimulatory molecule expres-
sion, macrophage soluble factors also play a role. In order
to identify such factors, we are currently performing
microarray analysis on LNFPIII-activated macrophages.

Further regarding functionality of LNFPIII-dex acti-
vated macrophages, our data show that transferred macro-
phages migrated from the peritoneal cavity to the
spleens where they regulated OVA-specific T-cell secretory
capacity. Macrophages are known to traffic to the drain-
ing lymph nodes to prime T-cell responses.”® Interest-
ingly, the proliferation of cultured splenocytes from
recipient mice was not suppressed by transferred
LNFPIII-dex activated macrophages but rather the same
as mice which received Dex stimulated macrophages,
showing that neither LNFPIII-dex activated or control
stimulated macrophages had T-cell suppressive activity
in vivo.

The selective expression of co-stimulatory molecules on
LNFPIII-dex activated macrophages might also explain
the in vivo regulatory activity of these cells on antigen-
specific CD4" T-cell cytokine production. Similar to the
data presented here showing that LNFPIII-dex stimulation
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leads to upregulation of PD-L1, the study by Smith et al.,
showed that F4/80" cells from S. mansoni infected mice
were PD-L1-positive but PD-L2-negative.”” The function
of PD-L1/PD-1 ligation is still unclear. On one hand it
has been suggested that PD-L1 may transduce negative
signals to inhibit autoreactive T-cell responses,’*®* yet a
clear role for PD-L1 and PD-L2 in driving stimulatory or
inhibitory functions on macrophages and dendritic cells is
still  controversial.®>*® In schistosome-infected mice,
Smith et al. suggested that PD-L1/PD-1 interactions may
synergize with other inhibitory pathways to regulate the
induction of T-cell non-responsiveness.”” ICOS is another
co-stimulatory molecule that has been suggested to play a
role in downregulating pro-inflammatory responses in
schistosome infection. Rutitzky et al.’® demonstrated the
protective role of ICOS-B7RP-1 co-stimulatory pathway
in hepatic immunopathology by controlling levels of
IFN-y. Supporting a role for ICOS in downregulating
pro-inflammatory responses, Xia et al’® found stronger
Th2 immune responses in ICOS transgenic mice infected
with S. japonicum. While we did not examine function of
co-stimulatory molecules on LNFPIII-dex activated mac-
rophages we did show that ICOS-L was upregulated on
PEC from mice injected with LNFPIII-dex. Taken
together, we showed that injection of LNFPIII-dex up-
regulated expression of both PD-L1 and ICOS-L, two co-
stimulatory molecules associated with down regulation of
pro-inflammatory responses and/or enhanced Th2-type
responses in schistosome infection. Our FACS analysis
also showed upregulation of ICAM-1 and CD80 on
LNFPIII-dex activated macrophages. In agreement with
previous work we suggest that enhanced expression of co-
stimulatory molecules such as CD80 and ICAM-1 can
counterbalance the negative signals of PD-L1.°°°® Similar
induction of B7-H1, B7-DC and CD80 inhibitory mole-
cules on splenic DC in vivo and bone-marrow-derived
dentritic cells from tumour-bearing mice has been
recently described.” These data together with our obser-
vations lead us to consider that LNFPIII can induce the
appearance of inhibitory macrophages similar to those
induced during cancer, which is consistent with our pre-
vious findings.’® Although investigation of PD-1-PD-L1
and ICOS-ICOSL co-stimulatory pathways was not the
goal of this study, the observation that these molecules
are upregulated suggest that additional studies be per-
formed to examine the roles of these two molecules in
regulation of T-cell functions in vivo.

In summary, our data clearly demonstrates that
LNFPIII-dex is able to rapidly activate and induce pheno-
typic changes in peritoneal macrophages that are consis-
tent with alternative activation. LNFPIII-dex activated
macrophages were characterized by increased expression
of Arginase 1 and Ym1 without upregulation of MGL-1,
MMR, and FIZZ-1. This induction of Arginase 1 and
Yml expression by LNFPIII-dex was IL-4/IL-13 indepen-
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dent. LNFPIII-dex activated macrophages were able to
significantly change the antigen-specific T-cell immune
response to promote a Th2 response (IL-10, IL-13 and
IL-4 secretion) in vivo. Thus, LNFPIII-dex stimulated
macrophages play an important role in downregulation of
the Thl immune response and maintenance of Th2
responses in vivo.
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