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Abstract

Galectin-1 has been implicated in regulating T cell survival, function and Th1/Th2
balance in several mouse models, though the molecular and cellular basis of its immuno-
modulatory activity has not been completely elucidated. Therefore, we examined
galectin-1 expression and activity within differentiated murine Th1 and Th2 subsets.
While galectin-1 specifically bound to both T cell subsets, Th1 and Th2 T cells expressed
distinct constellations of galectin-1 reactive epitopes and were differentially responsive to
galectin-1 exposure. Indeed, Th1 cells were more susceptible to galectin-1 induced death
than Th2 cells. Th2 protection from apoptosis was correlated with expression of anti-
apoptotic galectin-3. Further, galectin-1 diminished TCR-induced type 1 Thl cytokine
production, while it promoted TCR-induced type 2 cytokine production by Th2 cells.
Differentiated Th2 cells constitutively expressed high levels of galectin-1, whereas
comparable levels of galectin-1 in Th1 cells were only observed after re-stimulation. Co-
culturing galectin—l'/ “and galectin—l”+ Th1 and Th2 T cells demonstrated that Th2-
derived galectin-1 induced Th1 apoptosis and antagonized Th1 cytokine production,
whereas Thl-derived galectin-1 promoted Th2 cytokine production. These studies
identify galectin-1 as a cross-regulatory cytokine that selectively antagonizes Th1

function and survival, while promoting TCR-induced Th2 cytokine production.
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Introduction

Naive CD4 T cells can differentiate into Th1 and Th2 cells that produce specific
sets of cytokines capable of initiating different defense mechanisms against pathogens.
Th1 cells secrete IL-2 and IFN-y and play a role in mediating inflammatory responses,
activating macrophages, and stimulating cellular immunity. Th2 cells produce IL-4, IL-
5, IL-6 and IL-10 and activate B cells to mediate humoral immunity and are prominent
mediators of allergic responses [1-3]. Uncontrolled Th1 and Th2 responses contribute to
chronic inflammatory disease and allergies, respectively.

T helper precursors commit to either a Th1 or Th2 phenotype within a few days of
activation. The strength of TCR signaling, antigen dose and route of administration,
costimulation, the type of antigen presenting cell (APC) involved, and local cytokine
milieu each provide cues which guide T helper differentiation [4, 5]. However, the
presence of regulatory cytokines during the course of primary T cell activation has the
greatest impact on CD4 Th1/Th2 lineage commitment. Indeed, IL-12 and IL-4 are the
most potent inducers of Th1 and Th2 differentiation, respectively. Furthermore, Th
subsets reciprocally regulate each other. Thl-derived IFN-y inhibits the proliferation and
function of Th2 cells; whereas Th2-derived 1L-4 and IL-10 suppress Th1 cells. Once
differentiated, variable regulation of cell survival and death in T cell subsets further
influences the establishment and maintenance of a particular immune response [6],
though regulators of these processes remain poorly characterized.

Regulation of cell death is an important function of the galectins, a family of
lectins expressed in a wide variety of tissues. While secreted galectin-1 induces death in

some T cells, intracellular galectin-3 can protect T cells from apoptosis [7, 8].
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Additionally, recombinant galectin-1 can inhibit T cell proliferation [9, 10] and influence
the persistence of T cell subsets [9-15]. Indeed, treatment of mice with recombinant
galectin-1 has been reported to block the development of T cell mediated diseases,
including autoimmune adjuvant induced arthritis [14], experimental autoimmune
encephalitis (EAE) [15, 16], and myasthenia gravis [17]. Endogenous galectin-1 has also
been implicated in tumor escape from immuno-surveillance [18] and protection from
EAE [16]. In some instances, galectin-1 treatment skews the Th1 response toward a Th2
response, implicating galectin-1 in immune deviation [14], although the cellular and
molecular basis of this activity has not been well elucidated.

The activation and differentiation of T cells results in altered expression of
glycosyltransferases and glycosidases that regulate the generation of galectin-1 ligands
[19-23]. Galectin-1 binds repeated units of galactose-31-4-N-acetylglucosamine
presented on N- and O- linked glycans with high avidity, although terminal sialic acid
addition to these glycans can block galectin-1 binding [15]. During T cell activation, an
increase in the number of lactosamine bearing core 2 O-glycans and N-glycans lacking
terminal sialic acid are predicted to increase T cell susceptibility to galectin-1 binding
and immunoregulation [21]. For example, murine T cells activated under either Th1 or
Th2 skewing conditions decrease the sialyltransferase ST6Gal I and increase
galactosyltransferase al1,3GalT expression [20], predicting that activation of either Th1 or
Th2s might enhance galectin-1 binding and activity. Additionally, both Th1 and Th2
cells express B(1,6) N-acetylglucosaminyltransferase-I that catalyses the formation of
lactosamine-bearing targets on O-linked glycoproteins. However, 3-galactoside a2,3-

sialyltransferase-I, the major inhibitor of core 2 O-glycan formation on CD43 and CD45

Wiley4- VCH



Page 5 of 37

European Journal of Immunology

in T cells, is extensively expressed during Th2, but not Th1 differentiation [24].
Therefore, Thl cells might display more galectin-1 binding sites than Th2 cells, rendering
them preferentially sensitive to galectin-1 binding and immunoregulation. Which murine
peripheral T cell populations are susceptible to specific galectin-1 binding, whether
endogenous galectin-1 and galectin-3 are differentially expressed by distinct T cell
subsets, and whether Th-derived galectins modulate death of murine T cell populations
remains incompletely addressed.

Here, we characterize murine Th1 and Th2 subpopulations with regard to their
relative level of galectin-1 expression, sensitivity to galectin-1-mediated death, and their
ability to cross-regulate one another through secreted galectin-1. We found that
differentiated Th2 cells expressed more galectin-1 and -3 prior to restimulation and were
more resistant to galectin-1-mediated apoptosis than Thl cells. Further, galectin-1
antagonized cytokine production by Th1 cells, whereas it promoted type 2 cytokine
secretion by Th2 cells. Finally, Th2-secreted galectin-1 selectively induced apoptosis in
neighboring Th1 cells, whereas Thl-derived galectin-1 promoted Th2 cytokine
production in Th1/Th2 co-cultures. These findings identify endogenous galectin-1 as a
cross-regulatory cytokine that impairs the survival of Thl cells, while promoting Th2

function.
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Results
Th2 cells are more resistant than Thl cells to galectin-1-induced cell death.

Th1 and Th2 populations were generated in vitro by two rounds of antigenic
stimulation under cytokine skewing conditions. Th1/Th2 effector cell differentiation was
quantitated by intracellular cytokine staining and measuring levels of Th1- and Th2-type
cytokines released into the culture supernatant after re-stimulation (Figure 1A and B).
Consistent with previous reports, Th1 and Th2 populations differed in expression of core
2 O-glycan related epitopes on CD43 and CD45 [24]. A greater percentage of Thl cells
expressed significantly more of the 1B11 reactive glycoproteins compared with Th2 cells
(Figure 1C).

To investigate the possibility that galectin-1 might differentially regulate cell
survival in Th1 and Th2 populations, we compared the susceptibility of Th1 and Th2
cells to galectin-1-mediated death. Differentiated Th1l and Th2 populations were rested
and subsequently exposed to recombinant galectin-1. The level of cell death was
assessed using three independent measures: Annexin V binding and PI permeability
(Figure 2A); hypodiploid DNA content (Figure 2B); and forward versus side scatter
(Figure 2C).

In all three death assays, galectin-1 exposure of differentiated populations to
recombinant galectin-1-induced significant cell death in Th1, but not Th2 subpopulations.
Th1 cells responded to galectin-1 exposure with greater induction of Annexin V staining
(52% versus 17%, Figure 2A); increased percentage of cells with hypodiploid DNA
content (47.6% versus 13.6%, Figure 2B); and fewer cells within the FSC versus SSC

live gate (17% versus 28% Figure 2C) relative to Th2 cells. When T cells were re-
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activated with anti-CD3/CD28 eighteen hours prior to incubation with galectin-1,
susceptibility to galectin-1-induced death was increased in both Th1 and Th2 populations
(data not shown). Nonetheless, Thl cells remained preferentially sensitive to galectin-1-
induced death, even after activation. The specificity of galectin-1-induced death was

confirmed using lactose to block its activity (Figure 2C).

Carbohydrate dependent binding of galectin-1 to resting and activated Thl and Th2
populations.

It is possible that the differential susceptibility of murine Th1 and Th2 cells to
galectin-1-mediated death reflects different galectin-1 binding capacities, in keeping with
reports that Th1 cells preferentially express enzymes involved in the generation of cell
surface galectin-1 counterligands [15, 24]. To directly test this hypothesis, we
biotinylated recombinant galectin-1 and assayed its binding to Th1 and Th2 populations.
As seen in Figure 3, biotin-labeled galectin-1 bound to unstimulated Th1 and Th2 cells.
Binding was [-galactoside-specific since the presence of lactose reduced binding by
>95%. Galectin-1 binding to unstimulated Th1 cells was slightly higher than to Th2 cells
(MFI 91.65 for Th1 versus 79.65 for Th2, Figure 3 gray histogram). To determine how
stimulation of Th1 and Th2 populations might modify galectin-1 binding, we activated
cells using anti-CD3/CD28 antibodies for 18 h prior to biotin-galectin-1 staining (Figure
1C). In both T cell populations, we found an activation-induced increase in galectin-1
binding (Figure 3) with >90% of the cells from both cell populations showing high
galectin-1 binding (Figure 3, M1). Therefore, galectin-1 can bind to carbohydrate

ligand(s) on both Th1 and Th2 cell surfaces. However, as demonstrated by 1B11
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staining, the upregulation of particular glycoprotein epitopes vary between Th1 and Th2

lineages (Figure 1).

Th2 cells express more galectin-3 than Thl cells.

Previous reports indicate that galectin-1 can sensitize resting human T
lymphocytes to Fas-mediated (CD95) cell death [25], and that Th2 cells are more
resistant to both CD95L- and TRAIL-mediated apoptosis [26]. In addition, several genes
related to apoptosis including Trail, Bak-2, and Casp8 are preferentially expressed in Th1
cells, consistent with the increased susceptibility of Th1 cells to activation-induced death
[27]. Therefore, we considered the possibility that galectin-1 might induce apoptosis
through Fas and/or TRAIL in differentiated Th1 or Th2 cells. We observed that
recombinant galectin-1 exposure to unstimulated or restimulated Th1 and Th2 cells
increased the percentage of cells expressing CD95, CDI95L or TRAIL (Figure 4A).
However, the cells bearing these surface receptors were not enriched in the galectin-1-
induced Annexin V positive subpopulations (not shown). Further, the addition of
blocking antibodies against CD95L or recombinant DRS5 were unable to block galectin-1-
mediated cell death (not shown). These findings are consistent with previous reports
characterizing galectin-1-mediated death as CD95 and caspase independent in T cells,
rather involving rapid nuclear translocation of endonuclease G [8].

Intracellular expression of galectin-3 can inhibit extracellular galectin-1-mediated
cell death in T and B cells [8]. Furthermore, galectin-3 expression is upregulated on
some activated CD4+ T cells and is enhanced by IL-4, but not by IFN-y [28], suggesting

that preferential galectin-3 expression in Th2 versus Th1 cells might account for
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decreased Th2 sensitivity to galectin-1-induced death. Accordingly, we find that Th2
cells express higher levels of galectin-3 mRNA than Th1 cells as measured by Q-PCR
(Figure 4B). Consistent with higher levels of galectin-3 mRNA in Th2 cells, there was
more galectin-3 staining in Th2 cells relative to Th1 cells when measured by flow

cytometry (Figure 4C).

Galectin-1 promotes TCR-induced Th2 cytokine secretion and antagonizes Thl
cytokine secretion.

To determine the consequences of galectin-1 exposure on TCR/CD28-induced
cytokine production, differentiated Th1 and Th2 cells were restimulated with plate bound
anti-CD3 and soluble anti-CD?28, alone or together with recombinant galectin-1.
Supernatants were analyzed for the presence of Thl- or Th2- type cytokines. Supporting
our findings that galectin-1 induces death in Th1 cells (Figure 2), recombinant galectin-1
prevented the accumulation of TCR/CD28-induced IL-2 and IFN-y (Figure 5A).
Conversely, galectin-1 promoted TCR/CD28-induced production of I1L-4, IL-5 and IL-10
(Figure 5B). These findings are consistent with our data demonstrating that galectin-1
can bind Th2 cells (Figure 3), the relative resistance of Th2 cells to galectin-1-induced
death (Figure 2), and our previous findings demonstrating that galectin-1 can selectively
modulate TCR-induced functions, including activation-induced cell death and cytokine

production [9].

Endogenous galectin-1 produced by Th2 cells binds Thl cells and controls their

survival.
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Since Th1 cells are susceptible to galectin-1-mediated death, these cells could be
targets of other cells secreting galectin-1. To determine whether endogenous galectin-1
produced by Th1 or Th2 cells acts as a regulatory cytokine contributing to the Th1/Th2
balance, we assessed endogenous galectin-1 expression, secretion, and regulatory activity
in Th1 and Th2 populations. As shown in Figure 6A, unstimulated Th2 cells express
more galectin-1 than unstimulated Th1 cells (MFI: 84.6 versus 54.1, respectively). Anti-
CD3/CD28 stimulation increased intracellular galectin-1 expression after 24 h of
activation in both subpopulations. Q-PCR analysis of galectin-1 mRNA levels similarly
demonstrated increased galectin-1 mRNA in differentiated Th2 versus Thl both prior to
and in response to re-stimulation (Figure 6B).

To assay for secreted galectin-1, equivalent numbers of Th1 or Th2 cells were
cultured in serum-free conditioned medium alone or in the presence of anti-CD3/CD28.
Supernatants collected after 24 and 48 h of culture were analyzed by Western blot (Figure
6C). Atevery time point tested, Th2 cells secreted higher levels of galectin-1 than did
Th1 cells (Figure 6C). Equivalent volumes of supernatants from equal number of
galectin—l'/ "Thl and galectin—l'/ " Th2 cells cultured for 24 h were processed in parallel
and demonstrate the specificity of the galectin-1 band.

It is well established that Th1 and Th2 populations cross regulate one another by
secreting cytokines that antagonize the development of the reciprocal population.
Because Th2 cells secrete higher levels of galectin-1 and are relatively resistant to
galectin-1-induced death, we next explored the possibility that Th2-derived galectin-1
might function as a cross-regulatory cytokine which promotes Th2 dominance through

selective induction of Th1 death. To test this hypothesis, differentiated Th1 cells were
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mixed with Th2 cells in a coculture assay in the absence or presence of stimulating anti-
CD3/CD28 antibodies and the effects on cell death measured. Labeling the Thl cells
with CFSE prior to co-culture allowed us to discriminate Th1 from Th2 cells using flow
cytometry, whereas utilization of wild type or galectin-1 null effectors allowed us to
control for the source of endogenous galectin-1. Analysis of surface galectin-1 binding
on Thl (CD4" CFSE") and Th2 (CD4" CFSE) gated cells demonstrated that endogenous
galectin-1 secreted by Th2 cells modestly binds to the surface of galectin-17" Th1 cells in
the absence of stimulation, and to a greater extent in anti-CD3/CD28 restimulated
cultures (Figure 7A, left panel). In contrast, when galectin-1 positive Th1 cells were
included as the only source of galectin-1 in co-cultures, only modest levels of galectin-1
bound to galectin-1  Th2 cells (Figure 7A).

Galectin-1 secreted by stimulated Th2 cells significantly inhibited the survival of
stimulated Th1 cells in co-culture experiments. Fewer live galectin—1+/ " Thl cells
(Annexin V', 7-AAD") were present in co-cultures containing galectin—l”+ Th2 cells
relative to those containing galectin—l'/' Th2 cells (Figure 7B). Conversely, galectin-1

secreted by Th1 cells was unable to influence galectin-1*"* Th2 survival (Figure 7B).

1+/+ 1+/+

Finally, supernatants from galectin-1""" Th1 plus galectin-1"" Th2 co-cultures contained

1** Th1 plus galectin-17 Th2 co-cultures, whereas

less IFN-y than those from galectin-
galectin-1 produced by Th1 promoted IL-5 production by galectin-1*"* Th2 (Figure 7C).

These findings identify galectin-1 as a secreted cytokine that selectively antagonizes Th1

survival and function and promotes TCR-induced Th2 cytokine production.
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Discussion

Galectin-1 can act as a negative immune regulator under pathological situations
including autoimmunity [14], cancer [18], and infection [29]. In vitro experiments have
implicated recombinant galectin-1 in selectively modulating TCR-induced functional
outcome and survival [9]. In experimental models of chronic inflammation,
administration of recombinant galectin-1 in vivo can skew towards a Th2-type cytokine
response [14, 30, 31]. Nonetheless, it has yet to be determined which murine peripheral
T cell populations produce galectin-1, which are susceptible to galectin-1 binding, and
whether endogenous T cell galectin-1 expression can function to directly modulate
Th1/Th2 survival and lymphokine production.

To address these issues, we differentiated Th1 and Th2 populations and first
compared their susceptibility to galectin-1-mediated death. We found that recombinant
galectin-1 exposure induced significantly more cell death in Th1 versus Th2
subpopulations both prior to and after TCR/CD28 engagement. These findings are in
keeping with reports that human Th1 cell are more susceptible to galectin-1 death than
human Th?2 cells and that endogenous galectin-1 expression influences Thl survival in
vivo [15]. Further, we found that while both Th1 and Th2 cells produce galectin-1 and
TCR/CD28 engagement increases galectin-1 expression, Th2 cells represent a greater
source of galectin-1, particularly prior to TCR/CD28 restimulation. These findings
predict that Th2-derived galectin-1 might regulate Thl survival in situations where both
subpopulations are present. Further, Thl-derived galectin-1 might function in an
autocrine regulation of Th1 cell death and homeostasis after antigenic stimulation. That

activation of Th2 cells can also increase their susceptibility to galectin-1-mediated death
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upon activation predicts that galectin-1 may also play a role in regulating Th2 survival
under some circumstances.

To evaluate the possibility that the differential susceptibility of Th1l and Th2 cells
to galectin-1-mediated death reflects different galectin-1 binding capacities, we assayed
the ability of biotinylated recombinant galectin-1 to bind to Th1 and Th2 populations.
We show that galectin-1 can bind to carbohydrate ligand(s) on both Th1 and Th2 cell
surfaces, indicating that Th2 cells are protected from galectin-1-induced death through a
mechanism other than generalized galectin-1 binding capacity. These findings contrast
those characterizing galectin-1 in human Th1 and Th2 cells, where Th2 cells were found
to be deficient at galectin-1 binding [15], highlighting species-specific aspects of
galectin-1 immmuno-regulatory activity. To explore alternate mechanisms by which
galectin-1 might differentially impact Th1 vs Th2 survival in murine T cells, we
examined the relative expression of pro- or anti-apoptotic pathway effectors. While
galectin-1 binding did lead to modest increases in the percentages of CD95L and TRAIL
expressing cells in Th1 and Th2 populations, cells bearing these surface receptors were
not enriched in the galectin-1-induced Annexin V positive subpopulation, nor did
blocking these receptor ligand pairs protect from galectin-1-induced death. Therefore,
increased Th1 cell sensitivity to galectin-1 could not be readily explained by differential
CD95/CD95L or TRAIL expression and signaling. Alternatively, we found that anti-
apoptotic galectin-3 [32, 33] is preferentially expressed in Th2 cells both prior to and
after restimulation. Therefore, preferential upregulation of galectin-3 in Th2 cells may
account for their increased resistance to galectin-1-induced apoptosis, though additional

experimentation is necessary to establish galectin-3 anti-apoptotic activity in Th2 cells.
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We also found that galectin-1 differentially affects TCR-induced cytokine
production in Th1 and Th2 populations. Galectin-1 prevented the accumulation of
TCR/CD28-induced IL-2 and IFN-y produced by Thl cells, while promoting IL-4, IL-5
and IL-10 production by surviving Th2 cells. These findings are consistent with our data
demonstrating that galectin-1 binds to both Th1 and Th2 subpopulations, and our
published findings that galectin-1 can selectively modulate TCR-induced functions
including activation-induced cell death and cytokine production [9]. We have yet to
determine whether the effects on Th1 cytokine production are secondary to galectin-1-
mediated Th1 cell death or due to antagonism of TCR-induced cytokine production.
Taken together, our findings elucidating galectin-1 immunoregulatory activity on murine
Th1 and Th2 cells provide a cellular mechanistic basis for the ability of recombinant
galectin-1 to antagonize inflammatory responses and skew toward Th2 responses in the
context of autoimmune and cancer models.

Galectin-1 binding to different counterligands and/or induction of distinct
glycolattice-based microdomains in Th1 and Th2 subpopulations might regulate its
selective contributions to apoptosis and modulation of TCR-induced function in these
discrete T cell subsets. Accordingly, we found that while galectin-1 specifically binds to
the surface of both Th1 and Th2 subpopulations, expression of the glycosylation
dependent CD43/CD45 epitopes required for galectin-1 binding to these particular glyco-
protein counterligands is abundant on Th1, but not Th2 cells. Published studies
demonstrate a role for galectin-1 binding in the formation of segregated glycolattice-

based microdomains containing CD3/CD45 or CD43/CD7 in some T cells [34, 35].

WiIeylL}VCH

Page 14 of 37



Page 15 of 37

European Journal of Immunology

Further, galectin-1 binding can interfere with polarized membrane lipid raft clustering at
the site of TCR contact and modulate TCR signal transduction [13].

Glycolattice- and raft- based microdomains spatially organize receptors and signal
transducers, coordinating translation of receptor engagement into functional outcome.
Th1 and Th2 cells are known to utilize different microdomain organization schemes [36,
37]. Indeed, TCR signal transduction in Th1 cells depends on raft membrane
microdomain partitioning and the immune synapse becoming organized into
cSMAC/pSMAC supramolecular activation complexes which concentrate CD3, CD45
and CD43 into largely non-overlapping microdomains. Alternatively, Th2 cells appear
to be less reliant on lipid raft integrity for TCR signal transduction and do not efficiently
generate cSMAC/pSMAC:s [36] nor do they cluster CD45 in response to galectin-1
treatment [15]. Coupled with reports that Th1 and Th2 cells express different
constellations of glycosyltransferases and glycosidases, it would seem likely that
galectin-1 organizes distinct receptor based signalosomes on Th1 vs Th2 cells.
Experiments are underway to determine if selective galectin-1-mediated microdomain
organization is responsible for its ability to specifically promote Th1 apoptosis and
enhance Th2 TCR-induced cytokine production.

We found that Th2 cells express and secrete higher levels of galectin-1 than Thl
cells when resting and during the first 24 hours post-TCR/CD28 re-stimulation. To test
the hypothesis that Th2-derived galectin-1 might function as a cross-regulatory cytokine
which promotes Th2 dominance through the selective induction of Th1 death and
promotion of Th2 function, we utilized a co-culture system in which galectin-1

expression by each subpopulation was controlled through the addition of wild type or
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galectin-1 deficient Th1 or Th2 subpopulations. These studies demonstrate that
endogenous Th2-derived galectin-1 can bind to the surface of Th1 cells, modestly in the
absence of anti-CD3/CD28 restimulation and to a greater extent in restimulated cultures.
In contrast, only modest levels of Th1-derived galectin-1 could be found bound to the
surface of Th2 cells, consistent with the low levels of galectin-1 secreted by Thl cells
after restimulation. In addition, galectin-1 secreted by stimulated Th2 cells selectively
inhibited the survival and cytokine secretion of Thl cells. Conversely, exogenous
galectin-1 secreted by Th1 cells promoted TCR/CD28-induced production of IL-5 by
Th2. Together, these findings identify galectin-1 as an endogenous cytokine that can
selectively antagonize Th1 survival and function and promote TCR-triggered Th2
cytokine production. Furthermore, the increased secretion of endogenous galectin-1 by
restimulated Th1 cells suggests an autocrine suicide mechanism by which Th1-secreted
galectin-1 negatively regulates the Th1-mediated response.

Our findings demonstrate that galectin-1 is differentially expressed by Th cell
subsets and can affect the Th1/Th2 balance by mediating Th1 cell apoptosis and helping
Th2 cytokine secretion. The differential expression and regulation of galectin-1 coupled
with developmentally regulated differences in susceptibility to galectin-1-mediated death
and modulation of TCR-induced cytokine production combine to enable galectin-1 to
function as a T cell derived cytokine which antagonizes Thl cell survival and skews T

cell responses toward Th2, ultimately impacting the balance between Th subpopulations.
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Materials and Methods
Mice.

SCC7 TCR is specific for pigeon cytochrome C peptide (amino acids 81-104)
presented by MHC-class II molecule H-2*. 5CC7 mice, created by Dr. Barbara Fazekas
de St. Groth, on the C57BI/10.A genetic background were crossed to 129s/v galectin-1""
mice [38]. Gal-17" 5CC7+ mice were backcrossed at least 4 times to B10.A. All
experiments involving mice followed an approved protocol of the UCLA Chancellor's

Animal Research Commiittee.

Antibodies and other reagents.

Abs used in cultures were from eBioscience, including neutralizing rat mAbs for
murine [L-4 (11B11) and IFN-y (R4-6A2). Recombinant IL.-2, [L.-4 and IL-12 were from
R & D Systems. Abs for flow cytometry included FITC-labeled anti-IL-4 (BVD6-24G2,
EBioscience), PE-labeled anti-IFN-y (XMG1.2, EBioscience), R-PE-conjugated anti-
mouse glycosylated CD43 (1B11, BD PharMingen), APC-labeled anti-CD4 (RM4-5, BD
PharMingen), PE-labeled anti-CD95 (Jo2, BD PharMingen), PE-labeled anti-CD95L
(MFL3, BD PharMingen) and biotin anti-mouse TRAIL (N2B2, eBioscience). Blocking
antibody against CD95L, Annexin V-FITC, Annexin V-PE and 7-AAD, were from BD
PharMingen. Recombinant mouse TRAIL R2 (DRS5) was purchased from R & D

Systems. PI was from Sigma-Aldrich.

Galectin-1 production.
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Human galectin-1 was purified from Escherichia coli transformed with the
expression vector pT'7IML-1 as described [13]. The biotinylation of galectin-1 was
performed as described by Perillo et al [39]. After purification, rgal-1 was dialyzed in 8
mM DTT in PBS. Dialysate solution was collected and used as DTT control in samples

not receiving rgal-1.

Differentiation of T helper cells.

Splenocytes from SCC7 mice and stimulated with 1uM PCC 88-104 under Th1-
differentiating conditions (10 ng/ml IL-12, 10 pg/ml anti-IL-4, 40 U/ml IL-2) or Th2-
differentiating conditions (20 ng/ml IL-4, 20 pg/ml anti-IFN-y, 20 U/ml mlIL-2). Three
days after primary stimulation, cultures were expanded with complete RPMI
supplemented with 20 U/ml IL-2. Because SCC7 mice on a B10.A background is Thl-
prone, two rounds of antigenic stimulation under Th2 cytokine skewing conditions were
done. One week after primary stimulation, cells were washed and equal numbers were
restimulated with platebound anti-CD3 (1 pg/ml) and soluble anti-CD28 (5 pg/ml) under
differentiating conditions. Cells were expanded and maintained with complete RPMI
supplemented with 20 U/ml IL-2. After treatment, >97% of cells were CD4+.
Restimulated differentiated cells were first rested 2-3 days in complete RPMI without IL-

2.
Cytokine measurement.

Cytokines were measured by ELISA per antibody manufacturer recommendations

(BD PharMingen). Staining for intracellular IFN-y and IL-4 was performed with
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Cytofix/Cytoperm kit (BD Pharmingen) per manufacturer’s recommendation. Samples
were acquired using a FACScalibur flow cytometer (BD Biosciences), and analyzed

using WinMDI 2.8 (J. Trotter, Scripps Research Institute, La Jolla, CA).

Flow cytometry for surface antigens and intracellular galectin-1 expression.

To determine surface antigen expression, Th1 and Th2 cells were washed with
staining buffer, preincubated with blocking buffer (PBS, 5% mouse serum, 0.1% NaNj3)
for 30 min at 4°C, stained with antibodies PE-labeled anti-CD43 (1B11); APC, FITC or
PE-labeled anti-CD4; PE-labeled anti-CD95; PE-labeled anti-CD95L; biotin-labeled anti-
TRAIL/tricolor-labeled streptavidin and analyzed by flow cytometry.

For determination of intracellular galectin-1 and galectin-3 expression, Th1 and
Th2 cells were incubated for 30 min at 4°C with blocking buffer, stained with APC-
labeled anti-CD4 antibody and permeabilized with Cytofix/Cytoperm solution (BD
Biosciences) overnight at 4°C, incubated with rabbit polyclonal anti-galectin-1 (gift of
Linda Baum, UCLA), rabbit polyclonal anti-galectin-3 antibody (BioLegend), or normal
rabbit IgG (Santa Cruz Biotech) as isotype control for 30 min at 4°C, stained with 1:100
dilution of FITC-goat anti-rabbit IgG (Jackson Immunoresearch lab), and analyzed by
flow cytometry. Similar procedure without fixation/permeabilization step was used to

detect surface galectin-1.
Galectin-1 cell death assays.

Apoptosis was determined by evaluating hypodiploid DNA content. 1x10°

cells/ml were plated in 48-well plates with 10 uM galectin-1 in the presence of
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platebound anti-CD3 (1pg/ml) and soluble anti-CD28 (5 pg/ml) with/without S0mM
lactose for 5 h at 37°C. DNA content was determined as described [40]. After 5 h, cells
were incubated for 30 min at 4°C with blocking buffer, stained with FITC-labeled anti-
CD4 antibody, fixed in 1ml cold 70% ethanol, resuspended with hypotonic fluorochrome
solution (50 pg PI/ml diluted in 4 mM sodium citrate, 0.3% NP-40), and kept in the dark
for 18 h at 4°C. Frequency of apoptotic cells in CD4 population was assessed by
evaluating percentage of subdiploid nuclei in the <2N DNA peak using flow cytometry.

To detect apoptosis, FITC-labeled Annexin V and PI staining were performed.
After 5 h of stimulation, 1x10’ cells previously labeled for surface antigens (anti-CD4-
APC and PE-labeled anti-CD95 or PE-labeled anti-CD95L or biotin/streptavidin-labeled
anti-TRAIL) were transferred to V-bottom plates, diluted with equal volume of PBS
containing 10 mM lactose (to dissociate galectin-1-agglutinated cell clumps), washed,
and resuspended in 100 pl Annexin V-binding buffer plus 5 pul Annexin V-FITC for 15
min at room temperature. 380 pl of Annexin V-binding buffer and 10 ul of PI (500

pg/ml) was added to each tube prior to flow cytometry.

Determination of binding of biotinylated galectin-1.

5x10° cells Th1 and Th2 cells were suspended in PBS containing 10 pg of
biotinylated galectin-1 in presence or absence of 50 mM lactose at 4°C for 1 h. After
washing, cells were stained with streptavidin-Tri-color (Jackson Immunoresearch) and

FITC-labeled anti-CD4 for 45 min at 4°C, washed, and analyzed by flow cytometry.

Western blot assay.
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1x10° cells/well were incubated in 48-well plates with serum free medium with
platebound anti-CD3 (1 pg/ml) and soluble anti-CD28 (5 pg/ml) for 24 or 48 h. 15 ul of
supernatant was collected, resolved on a 15% polyacrylamide gel, transferred onto
nitrocellulose membranes, probed with 1:4000 dilution of the anti-galectin-1 polyclonal

antibody, followed by 1 pg/ml of horseradish peroxidase conjugated anti-rabbit IgG.

Q-PCR for galectin-1 and galectin-3.

RNA was isolated from Th1 or Th2 cells using Trizol and converted to cDNA
using First Strand Synthesis System (Invitrogen). Q-PCR reactions were performed
using fluorescein calibration dye (BioRad) and Sybergreen (Molecular Probes). Primer
sequences for galectin-1 were from Santucci et al [31]. Primers for galectin-3: forward
5’-ACTGACGGTGCCCTATGACCT-3’; reverse: 5’GGTTTCACTGTGCCCATGATT-

3. Q-PCR products were normalized relative to L32.

Thl and Th2 co-culture.

Th1 cells from galectin-1""* or 7

“mice were stained with CFSE (1 ul of 2.5 mM
CFSE/1x10’ cells in PBS for 10 min at 37°C and washed with complete medium).
CFSE-labeled Th1 (1x10°) and non-labeled Th2 (1x10°) cells obtained from galectin-1**
or " mice were cocultured in 1 ml in 24-well plate with plate bound anti-CD3 (1 pg/ml)
plus anti-CD28 (S5ug/ml) in complete RPMI. After 24 h, surface galectin-1 was detected
on Th1 populations (CD4" CFSE" cells) or Th2 populations (CD4" CFSE cells). To

determine the number of Th1 or Th2 live cells/well after 24 h of co-culture, total number

of live cells in each well was determined using trypan blue exclusion. 5x10° cells of each
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co-culture were transferred to V-bottom plates, washed, and resuspended in 100 pl
Annexin V-binding buffer , 5 ul PE-labeled Annexin V, and 5 pl of 7-AAD for 15 min at
room temperature. 380 pl of cold Annexin V-binding buffer was added, and percentage
of live Th1 (CFSE", Annexin V', 7-AAD") or Th2 (CFSE’, Annexin V', 7-AAD") cells

were determined in the live gate (FSC vs SSC) by flow cytometry.
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Figure Legends

Figure 1. Thl and Th?2 effector populations differentiated from 5CC7 TCR transgenic
mice. Thl and Th2 cells were generated by two rounds stimulation and cytokine skewing
conditions as described in the Material and Methods. An equivalent number of cells were
restimulated for 4 h with plate bound anti-CD3 and soluble anti-CD28 in the presence of
1ul/ml GolgiStop. A) Density plots of IL-4 versus IFN-y expression in the CD4+ gated
population (>97% of the cells) of Th1 (left) and Th2 (right) differentiated cells. B)
Cytokine levels of Th1 (open) and Th2 (filled) differentiated cell cultures restimulated
with platebound anti-CD3 and soluble anti-CD28. Error bars represent standard
deviations of triplicate samples per cytokine. Results are representative of at least four
independent experiments. ND: not detectable. C) Histograms of unstimulated Th1 (left)
and Th2 (right) populations stained with the 1B11 antibody (filled), isotype (solid line) or
no staining (dotted line). The line indicates high 1B11 staining; the number above the line
represents the percentage of cells, while the number below represents the MFI of 1B11

staining within the marker. Results are typical of 5 experiments.

Figure 2. Th2 cells are more resistant to galectin-1 induced cell death than Thl cells.
Unstimulated differentiated Th1 or Th2 cells were incubated with recombinant galectin-1
(10 uM). A) Annexin V versus PI dot plots of Th1 or Th2 cells after 5 hours of exposure
to recombinant galectin-1 or DTT control. B) After recombinant galectin-1 exposure,
unstimulated Th1 or Th2 cells were double-stained with FITC-labeled anti-CD4 and
propidium iodide. Hypodiploid DNA content in CD4+ gated cells was assessed. The

percentage of CD4+ cells in sub-G0/G1 as denoted by marker M1 is shown. C) Forward
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versus side scatter dot plots of unstimulated Th1 (top) or Th2 cells (bottom) in presence
of DTT control (left), recombinant galectin-1 (middle), or galectin-1 plus 50 mM lactose
(right). The percentage of cells in the gate is listed. Greater than 90% of Th1 and Th2
cells were FSC'¥ resting cells prior to galectin-1 treatment. These graphs are

representative of at least five individual experiments.

Figure 3. Binding of galectin-1 to differentiated Thl and Th2 cells prior to and after
TCR/CD2S8 restimulation. Flow histograms of Th1 (top) or Th2 (bottom) cells
unstimulated (filled) or restimulated with anti-CD3/CD28 (thick line) and stained with
biotin-galectin-1. Unstimulated cells stained with biotin-galectin-1 in the presence of 50
mM lactose (thin line) to ascertain carbohydrate-dependent binding or control isotype
(dotted line) are also shown. M1 indicates the cells demonstrating high levels of

galectin-1 binding. Histograms are representative of three individual experiments.

Figure 4. Galectin-1-mediated apoptosis does not rely on CD95-CD95L or TRAIL-
TRAIL-R expression, though protection is correlated with galectin-3 expression.
Restimulated Th1 or Th2 populations were incubated for 4 h with galectin-1 (10 pM) or
DTT control. A) Percentage of recombinant galectin-1 (filled) or DTT control (open)
treated Th1 (left) or Th2 (right) cells expressing CD95, CD95L and TRAIL. The
illustrated plots are representative of three individual experiments yielding similar results.
B) Galectin-3 mRNA expression in unstimulated, 24 h, and 48 h TCR/CD28
restimulated Th1 (left) and Th2 cells (right). Expression was normalized to the L.32

housekeeping gene. The graph is representative of two individual experiments. c¢) Fold
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increase of MFI of galectin-3 staining in unstimulated Th1 (open) or Th2 (filled) cells

over unstimulated Th1 cells. Results are representative of two independent experiments.

Figure 5. Galectin-1 antagonizes Thl- and promotes Th2- cytokine secretion. A) IL-2
and IFN-y levels in cultures of differentiated Th1 cells restimulated with anti-CD3/CD28
in the presence of 10 uM recombinant galectin-1 (filled) or DTT control (open). B) IL-
4, IL-5, IL-10, and IL-2 levels in cultures of differentiated Th2 cells restimulated with
anti-CD3/CD28 in the presence of 10 uM recombinant galectin-1 (filled) or DTT control
(open). Error bars represent standard deviation of triplicate samples per cytokine.
Results are representative of three independent experiments. * represents statistical

significance, p< 0.05

Figure 6. Galectin-1 expression and secretion by Thl and Th2 cells. A) Galectin-1
staining on differentiated Th1 (top) or Th2 (bottom) cells after O (filled), 24 (thin line), or
48 (dotted line) h of TCR/CD28 restimulation. The MFI of each histogram and
corresponding isotype control are shown (right panel). Results are representative of three
independent experiments. B) Galectin-1 mRNA expression in differentiated Th1 and
Th2 cells after 0, 24 h or 48 h of TCR/CD28 restimulation. Expression levels were
normalized to the .32 housekeeping gene. The graph is representative of two individual
experiments. C) Galectin-1 protein levels in supernatants of resting, 24 h and 48 h
restimulated differentiated Th1 (filled) or Th2 (open) cells. Serum free conditioned
medium from galectin—l'/ "Thl or galectin—l'/' Th2 cells cultured for 24 h served as

negative controls. The position of monomeric (14.5 kDa) form of galectin-1 is shown on

Wiley2?VCH



European Journal of Immunology

the left. The immunoreactive protein bands were quantified by densitometry and
expressed as relative units (lower panel). The results are representative of two individual

experiments.

Figure 7. Galectin-1 produced by Th?2 cells binds Thl cells and controls their survival.
1x10° galectin-1*"* or ™ Th1 cells were labeled with CFSE and mixed with an equal
number of galectin-1"*or ” Th2 cells in a 24 well plate and restimulated with anti-
CD3/CD28 for 24 h. A) Average MFI of galectin-1 staining observed on Th1 cells
(CD4"CFSE ™ gated cells, left) or Th2 cells (CD4"CFSE gated cells, right) normalized to
the MFI of galectin-1 staining obtained in the galectin'/ “Thl plus galectin—l'/' Th2
coculture. Normal rabbit IgG was used as isotype control of galectin-1 staining. B) The
number of live galectin-1*"* Th1 (CD4*CFSE*Annexin V7-AAD, left) or Th2
(CD4"CFSE Annexin V7-AAD’, right) cells per well is shown for each co-culture
combination. The bars represent the average and SD of duplicate values obtained in the
same experiment. One representative of four experiments is shown. * represents
statistical significance, p=0.03. C) Thl- and Th2-type cytokine levels from supernatants
of the mixed co-cultures were quantitated using ELISA. One representative of four

experiments is shown. *p=0.01
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