()
IBC ARTICLE

Molecular mechanisms of heparin-induced modulation of
human interleukin 12 bioactivity
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Human interleukin-12 (hIL-12) is a heparin-binding cytokine
whose activity was previously shown to be enhanced by heparin
and other sulfated glycosaminoglycans. The current study in-
vestigated the mechanisms by which heparin increases hIL-12
activity. Using multiple human cell types, including natural
killer cells, an IL-12 indicator cell line, and primary peripheral
blood mononuclear and T cells, along with bioactivity, flow
cytometry, and isothermal titration calorimetry assays, we
found that heparin-dependent modulation of hIL-12 function
correlates with several of heparin’s biophysical characteristics,
including chain length, sulfation level, and concentration. Spe-
cifically, only heparin molecules longer than eight saccharide
units enhanced hIL-12 activity. Furthermore, heparin mole-
cules with three sulfate groups per disaccharide unit outper-
formed heparin molecules with one or two sulfate groups per
disaccharide unit in terms of enhanced hIL-12 binding and
activity. Heparin also significantly reduced the EC;, value of
hIL-12 by up to 11.8-fold, depending on the responding cell
type. Cytokine-profiling analyses revealed that heparin affected
the level, but not the type, of cytokines produced by lymphocytes
in response to hIL-12. Interestingly, although murine IL-12 also
binds heparin, heparin did not enhance its activity. Using the
gathered data, we propose a model of hIL-12 stabilization in
which heparin serves as a co-receptor enhancing the interaction
between heterodimeric hIL-12 and its receptor subunits. The
results of this study provide a foundation for further investiga-
tion of heparin’s interactions with IL-12 family cytokines and
for the use of heparin as an immunomodulatory agent.
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Sulfated GAGs,* such as heparin and heparan sulfate, inter-
act with and modulate the activities of numerous proteins (1).
Although it is well known that heparin and heparan sulfate
enhance the activities of growth factors, such as basic fibroblast
growth factor (2—4), their effects on cytokines, particularly
interleukins, are highly variable and often inhibitory. For exam-
ple, heparin was shown to bind strongly to human interleukin-2
but has no effect on its bioactivity (5). Interleukin-3—induced
proliferation of FDCP-1 cells is inhibited at high heparin
concentrations (6). The complex of heparin and interleu-
kin-7 protects this cytokine from proteolytic degradation;
however, the growth of interleukin-7—dependent pre-B
cells is suppressed by heparin (7). Also, heparin prevents
interleukin-10 —induced expression of CD16 and CD64 on
monocytes/macrophages (8).

IL-12 is a 70-kDa heterodimeric cytokine composed of the
p35 and p40 subunits. Although co-expression of both subunits
in the same cell is essential to form the biologically active het-
erodimer (9 —11), production of each of the subunits is indepen-
dently regulated (12). The p40 subunit plays a critical role in
enhancing the stability, intracellular trafficking, and export of the
p35 subunit (13). These findings were applied for the generation of
greatly improved IL-12 DNA plasmids expressing the two sub-
units in optimal configuration allowing efficient production of
human, macaque, and mouse IL-12 p70 cytokines (13).

IL-12, a central regulator of human immunity, has been
shown by our group and others to be a heparin-binding protein
(14-16). Our previous work identified two heparin-binding
domains located on the p40 subunit of hIL-12 (15). These sites
were exploited in the single-step purification of tag-less hIL-12
(15). Recently, we demonstrated that heparin binds hIL-12 with
low micromolar affinity and increases its activity by severalfold
(17). Remarkably, heparin was found to recover hIL-12 signal-
ing in a natural killer cell line, NK-92M]I, in which both IL-12

“The abbreviations used are: IL-12, interleukin 12; h, human; m, mouse; GAG,
glycosaminoglycan; IFN-v, interferon y; LMWH, low-molecular-weight
heparin; SEAP, secreted embryonic alkaline phosphatase; ANOVA, analysis
of variance; FBS, fetal bovine serum; PBMC, peripheral blood mononuclear
cell; HS, heparan sulfate; ITC, isothermal titration calorimetry; ECD, extra-
cellular domain; PDB, Protein Data Bank.
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receptor subunits, IL-12RB1 and IL-12R32, had been function-
ally deleted via CRISPR/Cas9 genomic editing (17). Ongoing
follow-up studies have demonstrated that the genomic editing
process likely resulted in expression of mutated receptor sub-
units that could not bind hIL-12 sufficiently to trigger signal-
ing.” However, hIL-12 binding and signaling was at least par-
tially restored in the presence of heparin.

In circulation, IL-12 induces profound systemic inflamma-
tion (18). It has been posited, therefore, that binding to sulfated
GAGs present in extracellular matrix keeps IL-12 localized to a
site of injury or infection and prevents its systemic dissemina-
tion. In addition to this localization effect, our recent studies
indicated that sulfated GAGs, including heparin, increased
IL-12 concentrations at the cell surface (17). Although this is
one possible mechanism to increase IL-12 signaling, a more
complete picture of how heparin influences IL-12 function is
needed.

In this study, because heparin is a polydisperse, heteroge-
neous polysaccharide, we began by exploring the effects of
heparin’s biophysical characteristics on IL-12 function to
make inferences about heparin’s mechanisms of action. Spe-
cifically, because chain length, sulfation level, and concen-
tration have been shown to influence heparin’s ability to
modulate growth factor activity (8, 19-22), we investigated
the effects of these characteristics on IL-12 binding and bio-
activity. For robustness, bioactivity studies were performed
in four different cell types: an NK cell line (NK-92MI), an
IL-12 indicator cell line (HEK-Blue™ IL-12), as well as
PBMCs and T cells from healthy donors. Similar bioactivity
experiments were performed in a murine system to elucidate
species-dependent differences. An analysis of cytokine pro-
duction was performed to determine whether heparin facil-
itates noncanonical IL-12 signaling. Finally, data gathered
were used to propose a working model for heparin-induced
stabilization of IL-12/IL-12R, which was visualized with
molecular graphics software.

Results

Heparin modulates hiL-12 bioactivity in a dose-dependent
manner

The effect of heparin concentration on hIL-12 activity was
quantified via interferon-y (IEN-vy) production by NK-92MI
cells, activated human T cells, or activation of signaling in HEK-
Blue™ IL-12 cells. There were significant increases in hIL-12—
induced activities in the presence of heparin for all cell types
tested. In detail, IFN-y production by NK-92MI cells in
response to 200 pg/ml hIL-12 more than doubled from 4.438 =
0.479 to 7.876 * 0.395 ng/ml as exogenous heparin concentra-
tion increased from 0 to 25 pug/ml (Fig. 1A4). Additional heparin,
beyond 25 ug/ml, produced no further increase in hIL-12 activ-
ity, indicating a potential plateau. HEK-Blue™™ IL-12 cells and
T cells responded similarly with increasing levels of heparin
inducing enhanced hIL-12 bioactivity (Fig. 1, B and C). At very
high heparin concentrations (100 and 500 wg/ml), there was a
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decrease in hIL-12 bioactivity in the HEK-Blue™ IL-12 cells
indicating a possible inhibitory effect.

Unlike in the human system, heparin did not enhance the
activity of mIL-12 on either murine 2D6 cells (Fig. 1D) or
splenocytes isolated from C57BL/6] mice (Fig. 1E). Interest-
ingly, heparin significantly enhanced the activity of mIL-12
on human NK cells (Fig. 1F). Heparin facilitated a 1.55-fold
increase in mIL-12 function on human NK, cells which was
greater than the heparin-induced 1.18-fold increase in hIL-12
function on human NK cells (Fig. 1F). Conversely, hIL-12 was
not active in the murine 2D6 cell line with or without heparin
(Fig. 1E).

Heparin does not facilitate noncanonical hiL-12 signaling

IFN-v expression is a key indicator of hIL-12 bioactivity.
However, it is possible that heparin facilitated expression of
other T helper cytokines via noncanonical signaling. Thus, we
investigated the production of prototype Th1, Th2, and Th17
cytokines by NK-92MI cells and activated T cells exposed to
hIL-12 with and without exogenous heparin. As expected, in
response to hIL-12 alone, NK-92MI cells secreted high levels of
IFN-vy (663.5 = 4.9 pg/ml), whereas heparin alone had no effect
(Fig. 24). Treatment with hIL-12 alone also increased the pro-
duction of IL-10 and IL-6 by NK-92MI cells, which was simi-
larly reported by another group (23). Upon addition of heparin,
NK-92MI significantly increased production of IFN-v, IL-10,
and IL-6 by 1.26-, 1.47-, and 1.92-fold (Fig. 24), respectively. It
should be noted that IL-2 was detected in all treatment groups
because the NK92-MI cell line is stably transfected with the
IL-2 gene to maintain consistent cell proliferation (24). The
amount of IL-2 did not change significantly with the addition of
heparin. NK-92MI did not produce significant amounts of
TNFa, IL-4, or IL-17A regardless of hIL-12 or heparin treat-
ment (Fig. S3, A and C). Activated T cells produced 626.8 = 2.4
pg/ml of IEN-vy in response to hIL-12. This was increased to
1031.9 = 27.9 pg/ml when heparin was included (Fig. 2B). No
other cytokine was secreted by activated T cells in response to
heparin, hIL-12, or their combination (Fig. S3, B and D).

To document possible changes in the frequencies of IFN-y—
producing cells, we investigated the intracellular expression of
IFN-y by CD4™ T cells, CD8" T cells, and CD56" cells in
PBMCs and NK92-MI cells in response to hIL-12 alone and
hIL-12 plus heparin. The results showed that the combination
of hIL-12 and heparin increased the percentages of cells pro-
ducing IFN-vy over hIL-12 alone (CD4" T cells: from 2.633 =
0.291 to 4.207 * 0.522%; CD8™ T cells: from 1.757 * 0.378 to
3.597 £ 0.616%; CD56™ NK cells: from 2.293 = 0.040 to 3.103 *
0.496%; and NK-92MI cells: from 1.473 * 0.163 to 9.810 =
0.132%) (Fig. 2, C-E).

EC,,of IL-12 is reduced by heparin

The ability of heparin to reduce the half-maximal effective
concentration (ECs,) of IL-12 was quantified in NK-92MI cells,
human T cells, and PBMCs. Supernatants from cells treated
with increasing concentrations of hIL-12, with or without hep-
arin, showed a typical sigmoidal dose-response relationship
(Fig. 3). The EC;, values, calculated by Graphpad Prism 7, for
IL-12 alone and IL-12 with heparin were 27.67 and 2.34 pg/ml,
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Figure 1. IL-12 bioactivity is modulated by heparin in a dose-dependent manner. The production of IFN-y by NK-92MI cells (A) or human T cells (B) or alkaline
phosphatase by HEK-Blue™ IL-12 cells (C) was measured after exposure to a fixed concentration of hiL-12, 200 pg/ml for A and B, or 1 ng/ml for C, and increasing
concentrations of heparin. D, proliferation of mIL-12 sensitive 2D6 cells in response to miL-12 and hiL-12 with increasing heparin concentrations was indirectly
assessed via CellTiter-Glo® 3D Cell Viability Assay. IFN-y production by murine splenocytes isolated from C57BL/6J mouse (E) and NK-92Ml cells in response to mlL-12
and hIL-12 with increasing heparin concentrations (F) was measured via ELISA. Asterisks indicate a significant difference between the treatments of IL-12 alone and
IL-12 plus increasing heparin concentrations (**, p < 0.01,and ***, p < 0.001, via one-way ANOVA: solid lines); ns, not significant. The comparison of IL-12 bioactivity in
response to hlL-12 alone and different heparin concentrations plus hiL-12 (200 pg/ml) was evaluated by Tukey’s post-test (dashed lines). Data points represent mean *+
S.D. of triplicate measurements. Experiments were performed in triplicate and repeated three times with similar results.

respectively. Based on this result, heparin decreased the EC,,of ments can be used to determine thermodynamic parameters
IL-12 by 11.8-fold. Similar results were observed on human T  such as binding affinity, change in enthalpy, and stoichiometry
cells and PBMCs that showed a reduction in EC,, value of between interacting molecules. The interaction of heparin with
hIL-12 from 324.5 to 220.2 pg/ml, or 1.5-fold, and from 121.9to  mIL-12 or hIL-12 is exothermic. Under the experimental con-

13.76 pg/ml, or 8.9-fold, respectively. ditions used, the binding isotherms are observed to be hyper-
) ) o bolic, and heparin binds to both hIL-12 and mIL-12 nearly in
Effect of heparin chain length on IL-12 binding a 1:1 stoichiometry. Analysis of ITC data indicate that the

ITC measures thermodynamic changes associated with the binding affinity (K, (apparent)) of heparin-IL-12 interaction is
interactions between molecules in solution. These measure- strongly influenced by the chain length of heparin (Fig. 4). Spe-
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cifically, heparin oligosaccharides with fewer than six saccha-
ride units, like heparin di-, tetra-, and hexasaccharide, do not
exhibit significantly binding to either hIL-12 or mIL-12 (Table
1). Heparin octasaccharide shows reasonably strong binding
(K (apparent) = 39.7 = 3.2 um) to hIL-12 but not to mIL-12
(Table 1 and Fig. 4). The binding affinities of longer chain
length heparin oligosaccharides, heparin decasaccharide and
heparin dodecasaccharide, to IL-12 are the strongest and range
from 5.2 + 0.1 t0 9.0 = 0.4 um (Table 1). The binding affinity of
hIL-12 and mIL-12 to LMWH, which is a polydisperse mixture
of heparin with varying lengths of saccharide units, is 9.8 = 0.2
and 45.2 = 1.1 uM, respectively.

In summary, ITC data demonstrate that hIL-12, in general,
exhibits lower K, values and thus higher binding affinities to
heparin molecules than mIL-12. In addition, the binding affin-
ity between hIL-12 and heparin increases with heparin chain
length and reached a maximum with heparin dodecasaccha-
ride. The binding affinity between hIL-12 and LMWH was
lower than heparin dodecasaccharide as LMWH also contains a
number of shorter heparin fragments, which likely compete
with longer heparin chains.

Heparin-induced modulation of hiL-12 bioactivity depends on
heparin’s chain length

The effect of heparin’s chain length on hIL-12 bioactivity was
investigated in NK-92MI cells and HEK-Blue™" IL-12 cells.
IEN-vy production data from NK-92MI cells showed that tetra-
saccharidesdidnotenhancehIL-12bioactivity, whereashexasac-
charides generated a modest enhancing effect (Fig. 44). hIL-12
activity was further increased in the presence of heparin octa-
saccharides and reached a plateau with decasaccharides and
dodecasaccharides. LMWH, which is typically 15-25 saccha-
ride units, produced similar enhancements in hIL-12 bioactiv-
ity (Fig. 44). A comparable plateau phenomenon with heparin
decasaccharides and dodecasaccharides was observed with
HEK-Blue™ IL-12 cells (Fig. 4B).

Effect of sulfation on IL-12-HS binding

To determine how sulfation level affects heparin binding to
IL-12, a novel microarray approach was used. Fifty two heparan
sulfate (HS)— derived compounds were synthesized with 1, 2, or
3 sulfate groups per disaccharide unit ranging in size from 5 to
18 saccharides (Fig. S4). The compounds were arrayed on a
slide and treated with fluorescence-labeled IL-12. After rinsing,
a fluorescence analysis was performed to quantify levels of
IL-12 binding to each of the HS-derived compounds. Our anal-
ysis revealed that the highest amounts of hIL-12 were bound to

HS-derived compounds 18 and 19, which contain the maxi-
mum of three sulfate groups per disaccharide unit (Fig. 5A4).
Similar results were found when mIL-12 was tested (Fig. 5B).
Once again, mIL-12 was found to bind strongest to compounds
18 and 19 and to a lesser degree to compounds 20 and 22, which
contained two sulfates per disaccharide. It should be noted that
the large bright-green circles shown on the microarray were
artifacts and were not included in our analysis (Fig. 5B). Other
sulfated heparin-derived compounds also bound and retained
IL-12, however, at significantly lower levels. Taken together,
these data indicate that sulfation level is a key factor in the
binding of sulfated GAGs to IL-12.

Sulfation is essential for HS-induced modulation of hiL-12
bioactivity

To determine the effect of sulfation level on the modulation
of hIL-12 bioactivity by heparin, selected HS dodecasaccha-
rides containing 1, 2, or 3 sulfate groups per disaccharide unit
were selected (Fig. S4) and formulated with hIL-12 for treat-
ment on NK-92MI cells and HEK-Blue™ IL-12 cells. Data
from NK-92MI cells showed that compounds 21-25, which
contained less than three sulfate groups per disaccharide and
did not substantially bind hIL-12, also did not enhance hIL-12
bioactivity (Fig. 5, B and C). In contrast, compounds 18 and 19,
which consisted of three sulfate groups per disaccharide unit,
significantly enhanced hIL-12 bioactivity to levels similar to
LMWH. Data from HEK-Blue™ IL-12 cells exhibited similar
phenomena in that hIL-12 activity was only enhanced with
compounds 18 and 19. It should be noted that compound 23
produced different effects on IL-12 bioactivity in NK-92MI
cells and HEK-Blue™ IL-12 cells indicating that certain HS
enhancement phenomena may be cell-dependent.

Proposed model of heparin-stabilized hiIL-12/hIL-12R complex

The structure of hIL-12 was imported from the PDB
archive (1F45) (Fig. 6A). The heparin docking function in
ClusPro was used to identify two high-scoring heparin-bind-
ing motifs on the p40 subunit of hIL-12 (**”LKDQKEP-
KNK'?€ and >"°*QVQGKSKREKIK?®#¢) (Fig. 6A). These corre-
late with our previous in silico analysis (15).

Models of each receptor subunit were based on the solved
structure of interleukin-6 receptor subunit B with differ-
ences. hIL-12RB1 was also based on the structures of anos-
min-1, leukemia inhibitory factor receptor, and insulin
receptor. The structure of hIL-12RB2 was further detailed
using homology to human receptor 2 protein-tyrosine phos-
phatase o, chicken mdgal, and the ectodomain of the re-

Figure 2. Heparin amplifies hIL-12-induced cytokine profiles. The production of prototypical Th1, Th2, and Th17 cytokines by NK-92Ml cells (A) and T cells
(B) in response to hIL-12 (200 pg/ml) in the presence and absence of heparin (10 ug/ml) were analyzed via a cytometric bead array kit (BD Biosciences). Heparin
alone does not alter baseline cytokine production, whereas the addition of heparin to hIL-12 increases the amount but does not alter the type of cytokine
expressed by NK or T cells. Columns represent mean = S.D. of triplicate measurements. C, dot plots show representative expression of IFN-y by gated CD3™*
CD4™" Tcells,CD3* CD8" Tcells,and CD3~ CD56™ NK cells from PBMCs in four experimental groups (fresh media, heparin, hiL-12, and hIL-12 plus heparin). D,
dot plots show representative expression of IFN-y by gated CD56* NK92-Ml cells in four experimental groups (fresh media, heparin, hiL-12, and hIL-12 plus
heparin).E, dot plots describe positive percentages of intracellular IFN-yin NK-92MI cells, CD4* T cells, CD8* T cells, and NK cells for comparison of hiL-12 alone
and hIL-12 plus heparin (*, p < 0.05; **,p < 0.01; and ***, p < 0.0001 via two-tailed t test). Aand B, asterisks (**, p < 0.01,and ***, p < 0.001) indicate a significant
difference between the treatments of fresh media, heparin alone, IL-12 alone, and IL-12 plus heparin via one-way ANOVA (solid lines); ns, not significant. The
comparison of IL-12 bioactivity in response to hlL-12 alone and different heparin concentrations plus hlL-12 (200 pg/ml) was evaluated by Tukey’s post-test
(dashed lines). Data points represent mean = S.D. of triplicate measurements. Experiments were performed in triplicate and repeated three times with similar

results.
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Figure 3. Heparin decreases the EC;, value of hIL-12. hiIL-12 bioactivity
curves showing the IFN-y production by NK-92Ml cells (A), human PBMCs (B),
and human T cells (C) exposed to increasing hIL-12 in the presence and
absence of heparin (10 wg/ml). The EC;, values of hiL-12 for NK-92Ml cells and
human PBMCs were significantly decreased by heparin (p < 0.0001 versus
hIL-12 alone via extra sum-of-squares F test). All data points represent
mean = S.D. of triplicate measurements. Experiments were performed in trip-
licate and repeated three times with similar results.

ceptor protein-tyrosine 2 phosphatase w. Each prediction
showed high (>90%) confidence in the model. Heparin-
binding segments on receptor subunit ECDs were predicted
using ClusPro. The top-scoring segment for each receptor
subunit was identified and highlighted in the protein models
(Fig. 6, B and C).
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To determine the spatial relationship of the heparin-binding
segments and the potential role of heparin in stabilizing ligand—
receptor interactions, we constructed a model of the hIL-12/
hIL-12R complex using the available crystal structure of hIL-12
and its predicted binding to the ECDs (Fig. 6, D and E). The
predicted hIL-12/hIL-12R complex shows the heparin-binding
motifs located on hIL-12 to be in close proximity to hIL-12R31.
Estimated distances from the heparin-binding sites on hIL-12
to the putative heparin-binding site on hIL-12R31 were 14 and
18 A (Fig. 6F). For the hIL-12R32 ECD, the heparin-binding site
is facing away from the p35 subunit of hIL-12. Consequently,
the distances from the heparin-binding sites on hIL-12 to the
top-scoring heparin-binding site on hIL-12R32 were longer at
43 and 75 A. Based on the putative heparin-binding sites, this
model predicts that only heparin molecules of a certain size
could simultaneously bind to both the IL-12 ligand and recep-
tor. Using an average length of 4 A per disaccharide, it becomes
clear that only heparin molecules with chain lengths of 4, 5, or 6
disaccharide units, i.e. 8, 10, or 12 saccharides, are able to con-
sistently bridge the heparin-binding domains. In addition, the
increased binding and activities observed with higher sulfation
levels indicate that the stabilization interaction is likely medi-
ated by nonspecific electrostatic interactions and not particular
sulfation patterns.

Discussion

Our previous study was the first to demonstrate that sulfated
GAGs, such as heparin and heparan sulfate, could enhance the
bioactivity of hIL-12 (17). In this follow-up study, we extended
this research to identify the characteristics of heparin that were
required to modulate hIL-12 bioactivity. In doing so, we aimed
to develop a working model capable of explaining the mecha-
nism(s) of heparin-induced hIL-12-enhanced function.

Initial studies to determine the optimal concentration of
heparin found that, for most cell types, a maximal or plateau
effect was achieved between 10 and 25 pg/ml heparin (Fig. 1).
These concentrations are considered physiologically relevant
as circulating levels of heparin in humans are 1-5 pg/ml (25).
During inflammation, systemic concentrations of heparin and
heparan sulfate are significantly increased (26, 27). Although
not explored, we hypothesize that local sites of inflammation
have similar increases in heparin and heparan sulfate.

Because our previous study demonstrated that heparin can
recover IL-12 signaling in cells lacking functional IL-12 recep-
tors (17), we hypothesized that IL-12 could be signaling
through noncanonical pathways, perhaps via receptors associ-
ated with other IL-12 family members. However, our cytokine-
profiling analyses and intracellular cytokine staining showed
that no other Th1, Th2, or Th17 cytokines were induced in the
presence of heparin (Fig. 2). Heparin simply appears to make
hIL-12 signaling more efficient. In particular, a greater percent-
age of lymphocytes respond to hIL-12 in the presence of hepa-
rin (Fig. 2, C and D). Also, the EC;, data demonstrated that
heparin can reduce the effective concentration of hIL-12 by 1.5-
to 11.8-fold (Fig. 3).

In terms of heparin characteristics, both chain length and
sulfation level exhibited a threshold-type effect on hIL-12. Spe-
cifically, heparin molecules less than a threshold of six saccha-
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ride units did not affect hIL-12 activity, whereas those above charides, which only modestly enhanced hIL-12 activity, were
eight saccharide units induced a bioactivity plateau that was not found to bind strongly to hIL-12 in ITC studies. This appar-
similartoLMWH (Fig.4).Itshouldbenotedthatheparinhexasac-  ent discrepancy may be due to differences in sensitivity between
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Table 1

Mechanisms of heparin-induced IL-12 modulation

Binding affinities (mean = S.D.) between hIL-12 or mIL-12 and heparin oligosaccharides or LMWH

NB means no binding was observed.

Tetra-saccharide Hexa-saccharide Octa-saccharide Deca-saccharide Dodeca-saccharide LMWH
M M M M
hIL-12 NB NB 39.7 = 3.2 6.5+ 0.2 52 *+0.1 9.8 £0.2
mlIL-12 NB NB NB 6.1 0.4 9.0 = 0.4° 452 £ 1.1¢

“ p < 0.0001 compared with hIL-12 and mIL-12 via two-tailed ¢-test.

the two approaches. ITC requires higher concentrations of
heparin and hIL-12, whereas the limit of reliable detection of
binding is on the order of a couple hundred micromolars. Thus,
heparin hexasaccharide binding to hIL-12 may be too weak to
be detected but still strong enough to provide partial enhance-
ment of hIL-12 activity.

Regarding the effects of sulfation, HS-derived compounds
with less than three sulfate groups per disaccharide did not
significantly improve hIL-12 bioactivity. In contrast, both HS
molecules containing three sulfate groups showed improved
hIL-12 binding and bioactivity (Fig. 5). In the murine system, a
similar influence of sulfation was found in binding studies (Fig.
5); however, sulfated GAGs do not appear to enhance the activ-
ity of mIL-12 in mouse lymphocytes (Fig. 1E). Mechanistically,
HS-derived molecules with less than three sulfate groups per
disaccharide have lower negative charge densities which likely
results in weaker interactions with both hIL-12 and hIL-12R.
These data imply that the heparin—IL-12 interaction is a non-
specific electrostatic interaction as opposed to an interaction
that depends on a particular sulfation pattern. The inability of
poorly sulfated HS to enhance hIL-12 bioactivity agreed with
our previous data demonstrating that poorly or nonsulfated
GAGs, eg chondroitin sulfate and hyaluronic acid, had no
effect on hIL-12 bioactivity (17).

Using the chain length data in particular, we hypothesized
that heparin could be stabilizing the hIL-12/hIL-12R complex
by binding to heparin-binding domains on both ligand and
receptor. We reasoned that only heparin molecules of a suffi-
cient size would be able to bind simultaneously to heparin-
binding sites on different subunits of the complex. Our in silico
analysis identified two major heparin-binding domains on
hIL-12 as well as the top-scoring heparin-binding segments on
each hIL-12R subunit (Fig. 6). When hIL-12 is bound to IL-12R,
the distances between heparin-binding domains located on dif-
ferent proteins, i.e. [L-12, IL-12RB1 and IL-12R32, range from
14 to 75 A. A tetrasaccharide, with a maximum distance of
~16-17 A between sulfate groups, would therefore have a
lower probability of binding to and stabilizing the hIL-12—hIL-
12R interactions than an octasaccharide or LMWH.

It should be noted that the tertiary complex and the identi-
fied heparin-binding domains on hIL-12, IL-12RB1, and

IL-12RB2 are merely predictions at this point. However, Gar-
nier et al. (16) demonstrated that truncation of the carboxyl-
terminal domain on the p40 subunit to exclude the putative
heparin-binding segment located within amino acids 279 —-287
significantly reduced the heparin-binding ability of hIL-12.
Where exactly heparin binds to IL-12, both human and mouse,
as well as each IL-12R subunit is the subject of ongoing crystal-
lography work. Once completed, we will have a definitive pic-
ture of the heparin/IL-12/IL-12R quaternary complex.

An observation that appears to agree with our stabilization
hypothesis was that heparin did not improve mIL-12 bioactivity
on mouse 2D6 cells, but significantly improved mIL-12 bioac-
tivity on human NK-92MI cells (Fig. 1). It is possible that the
binding of mIL-12 to mIL-12R is of sufficient affinity such that
heparin is not needed to enhance binding and signaling. In con-
trast, the affinity of mIL-12 for hIL-12R is expected to be much
lower than the affinity of mIL-12 for mIL-12R or hIL-12 for
hIL-12R. Therefore, the benefit of adding heparin to stabilize
the potentially “loose” mIL-12/hIL-12R complex results in a
robust enhancement of mIL-12 activity. In fact, the activity of
mlL-12 was increased 1.55-fold, which was greater than hepa-
rin-induced enhancements for hIL-12 (1.18-fold) (Fig. 1D).

Drawing from our previous work, heparin’s ability to stabi-
lize weak IL-12-IL-12R interactions may be a key mechanism
by which hIL-12 signaling was recovered in cells lacking func-
tional hIL-12R (17). In these previous studies, hIL-12R1 and
hIL-12RB2 were functionally deleted via CRISPR/Cas9 genome
editing. However, the Cas9-induced cleavage of the IL-12RB1
and IL-12RB2 genes likely induced random mutations in the
receptor subunits instead of a complete knockout. The mutated
hIL-12R did not bind hIL-12 sufficiently to allow signaling;
however, the addition of heparin may have stabilized this loose
complex enough to recover hIL-12 bioactivity. Ongoing studies
are aimed at understanding which portions of the IL-12R sub-
units are critical for signaling in the presence and absence of
heparin. We postulate that this research will lead to a new ther-
apeutic option for patients with mutations in IL-12Rf1 that
lead to Mendelian susceptibility to mycobacterial diseases
(28, 29).

Finally, other heterodimeric cytokines of the IL-12 family
have overlapping structural features (30) and therefore could be

Figure 4. Modulatory activity depends on heparin chain length. Isothermograms describe binding interactions between heparin and hiL-12 (A) or mIL-12
(B). The upper panel of each isothermogram shows the raw data obtained for each of the 30 injections. The lower panels display the best fit data to one-set of
sites binding model using Origin™ version 7.0 software. hiL-12 activity as measured by IFN-y production by NK-92MI cells (C) or secreted alkaline phosphatase
by HEK-Blue™ IL-12 cells (D) was measured after co-culture with heparin oligosaccharides or LMWH (10 ug/ml). Heparin octasaccharide, decasaccharide,
dodecasaccharide, and LMWH significantly increased the bioactivity of IL-12 in NK-92Ml cells and HEK-Blue™ IL-12 cells (***, p < 0.0001 versus hIL-12 alone via
two-way ANOVA). Heparin tetrasaccharide did not increase the bioactivity of hIL-12 in NK-92MI cells (p > 0.05 versus hIL-12 alone via Tukey’s post-test) and
HEK-Blue™ IL-12 cells (p < 0.0001 versus hiL-12 alone via Tukey's post-test). Heparin hexasaccharide increased the bioactivity of hiL-12 in NK-92Ml cells (p <
0.0001 versus hiL-12 alone, p < 0.01 versus hIL-12 plus LMWH via Tukey’s post-test) and showed no effect on hIL-12 bioactivity in HEK-Blue™ IL-12 cells (p > 0.05
versus hiL-12 alone via Tukey's post-test). Columns represent mean = S.D. of triplicate measurements. Experiments were performed in triplicate and repeated

three times with similar results.
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Figure 6. Heparin may stabilize the interactions of hiL-12 with hIL-12RB1 and hIL-12R32. A, heparin-binding motifs (red) on hIL-12 (PDB code 1F45) were
identified in ClusPro as '"”LKDQKEPKNK'2° and 2”°QVQGKSKREKK?2®. The ECD structures of hiL-12R31 (B) and hiL-12RB2 (C) were modeled in PyMOL. As with
hIL-12, heparin-binding segments for each receptor subunit were identified in ClusPro. The top-scoring segment for each subunit is highlighted (red). D, model
of the hIL-12/hIL-12R complex was predicted using PyMOL and ClusPro. Two views of the model, rotated nearly 180° around the vertical axis, relate the
locations of the heparin binding segments (red). £, estimated distances from each of the heparin-binding sites on hiL-12 to the putative heparin-binding sites

on the receptor subunits were calculated using PyMOL'’s measurement tool.

modulated by heparin. In particular, IL-23 shares the p40 sub-
unit along with its cognate receptor IL-12RB81 with IL-12. IL-35
shares p35 and IL-12R32 with IL-12. Our preliminary data indi-
cate that heparin’s enhancement of hIL-23 bioactivity is even
more robust than its effects on hIL-12 (data not shown). Given
the diverse immunological functions of the IL-12 family, the
impact of heparin as a regulator of immunity is of great interest.

Experimental procedures
Mice

Eight- to ten-week-old female C57BL/6] mice were pur-
chased from The Jackson Laboratory (Bar Harbor, ME). Animal
use was in compliance with the Public Health Service Policy on
Humane Care and Use of Laboratory Animals. All experiments
involving laboratory animals were approved by the Institutional
Animal Care and Use Committee at North Carolina State
University.

Recombinant proteins and heparin compounds

Recombinant hIL-12 was purified from hIL-12—expressing
HEK293 cells as described previously (15). Recombinant mIL-12
was overexpressed by HEK293 cells stably transfected with
optimized mIL-12p70 plasmid (AG250) (13). IL-12—producing

HEK?293 cells were grown in serum-free media in a Hollow Fiber
bioreactor that allows high-density growth without any animal
components. mIL-12 was purified via heparin-Sepharose chroma-
tography as described previously (15). mIL-12 cytokine produc-
tion was quantified via ELISA (ThermoFisher Scientific mouse
IL-12p70 ELISA; catalogue no. BMS6004). Recombinant hIL-2
was purchased from PeproTech (Rocky Hill, NJ). LMWH and hep-
arin oligosaccharides were purchased from Sigma and Iduron
(Manchester, UK), respectively. Structurally homogeneous hepa-
rin-derived oligosaccharides were synthesized using a chemoen-
zymatic approach. The purity analysis and structural characteriza-
tion of the oligosaccharides were described previously (31, 32).

Cell culture and isolation of human PBMCs and T cells

The IL-2-independent, IL-12-responsive human natural
killer cell line, NK-92MI (ATCC; CRL-2408TM), was cultured
in complete media consisting of a-minimal essential medium
supplemented with 12% FBS, 12% horse serum, 100 units/ml
penicillin/streptomycin, 0.2 mm inositol, 0.02 mm folic acid,
and 0.1 mm 2-mercaptoethanol. The mouse IL-12 responsive T
cell line, 2D6, was cultured in RPMI 1640 medium supple-
mented with 10% FBS, 100 units/ml penicillin/streptomycin, 2
mM L-glutamine, and 250 pg/ml mIL-12. HEK-Blue™" IL-12

Figure 5. Heparin-induced enhancement of IL-12 depends on sulfation level. hiIL-12 binding to heparin oligosaccharides was quantified via a novel
microarray. The binding of Alexa Fluor 488-labeled hIL-12 (A) or mIL-12 (B) to the different heparin oligosaccharides was visualized and quantified via
fluorescence microscopy. Six dodecasaccharides, including the high binding compounds 18 and 19, were selected for bioactivity studies (C and D). hIL-12
activity as measured by IFN-y production by NK-92Mi cells (C) or secreted alkaline phosphatase by HEK-Blue™ IL-12 cells (D) was measured after co-culture with
heparin compounds 18, 19, 21, 23-25 or LMWH (10 ng/ml). Heparin compounds 18, 19, and LMWH significantly increased the bioactivity of hIL-12 in NK-92MI
cellsand HEK-Blue™ IL-12 cells (p < 0.0001 versus hIL-12 alone via Tukey’s post-test). Heparin compounds 21, 24, and 25 did not enhance the bioactivity of IL-12
in NK-92MI cells and HEK-Blue™ IL-12 cells (p > 0.05 versus hIL-12 alone via Tukey's post-test). Heparin compound 23 did not enhance hiL-12 bioactivity in
NK-92MI cells (***, p < 0.0001 versus IL-12 alone via Tukey’s post-test) and modestly enhanced IL-12 bioactivity in HEK-Blue™ IL-12 cells (p < 0.0001 versus IL-12
alone and p < 0.0001 versus IL-12 plus LMWH via Tukey's post-test). Data bars in the bioactivity studies represent mean * S.D. of triplicate measurements.
Experiments were performed in triplicate and repeated three times with similar results.
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cells (Invivogen, San Diego, CA) were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 2 mm L-gluta-
mine, 10% FBS, 100 units/ml penicillin/streptomycin, and 100
pg/ml normocin.

Human PBMCs were isolated from leukopaks on a density
gradient (Lympholyte®-H; Cedarlane Labs). De-identified leu-
kopaks from healthy donors were purchased from the New
York Blood Center (New York, NY). Human T cells were iso-
lated from PBMCs by negative selection with magnetic beads
(Dynabeads® Untouched™ human T cells kit; ThermoFisher
Scientific). PBMCs and T cells were cultured in RPMI 1640
medium supplemented with 10% FBS, 1 mm sodium pyruvate, 2
mM L-glutamine, 10 mm HEPES, 100 units/ml penicillin/strep-
tomycin. All experiments were performed in accordance with
relevant guidelines and regulations at North Carolina State
University.

IL-12 bioactivity assay and cytokine measurement

IFN-v secretion from NK-92MI cells, PBMCs, and activated
T cells was used as an indicator of hIL-12 bioactivity. T cells
were activated by incubating 10° cells/ml with anti-CD3 and
anti-CD28 —coated super-paramagnetic beads (Dynabeads®
human T-activator CD3/CD28; ThermoFisher Scientific) in
cultured media at a bead/cell ratio of 1:1 for 3 days.

As described previously, cells were seeded in a 96-well plate
at 20,000 cells/well (NK-92MI) or 500,000 cells/well (PBMCs
and T cells) (17). hIL-12 was added to achieve final concentra-
tions from 0 to 1000 pg/ml. Heparin was added to a final con-
centration ranging from 0 to 500 pg/ml. Cells in hIL-12 alone or
culture media alone served as controls. After 24 h, hIL-12—de-
pendent secretion of IFN-vy into the supernatant of the cul-
ture was quantified via enzyme-linked immunosorbent assay
(ELISA) (88-7316-86; ThermoFisher Scientific). In other exper-
iments, levels of human Th1/Th2/Th17 cytokines, including
IL-2, IL-4, IL-6, IL-10, tumor necrosis factor-a, IFN-v, and
IL-17A in culture supernatants were determined via BD Cyto-
metric Bead Array kit (560484; BD Biosciences) and analyzed
using FACSDiva™ Software (BD Biosciences).

In the murine system, 2D6 cells were starved of mIL-12 over-
night before culturing (20,000 cells/well) with increasing doses
of heparin (0 pg/ml to 500 ug/ml) and either mIL-12 (200
pg/ml) or hIL-12 (200 pg/ml) in a 96-well plate. After 24 h,
IL-12-induced proliferation was examined via CellTiter-Glo®
3D cell viability assay (Promega, G9682).

HEK-Blue™ IL-12 cells (Invivogen, San Diego) express a
STAT4-inducible secreted embryonic alkaline phosphatase
(SEAP) reporter gene that is triggered upon binding of IL-12 to
IL-12R. HEK-Blue™ IL-12 cells were seeded in a 96-well plate
at 50,000 cells/well and cultured with 0—5 ng/ml hIL-12 and
0-500 pg/ml heparin. After 24 h, SEAP concentrations in
supernatants were developed with Quanta-Blue™ (Invivogen,
San Diego) and quantified via absorbance readings at 650 nm
on a Citation microplate reader (Biotek, Winooski, VT).

Intracellular flow cytometry

The following antibodies used for staining cell-surface mark-
ers were obtained from BD Biosciences: anti-human CD3 FITC
(clone UCHT1), anti-human CD4 PerCP-Cit. (clone RPA-T4),
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anti-human CD8 APC-R700 (clone RPA-TS8), and anti-human
CD56 PE-CF594 or PerCP-Cy5.5 (clone B159). Blocking of
nonspecific Fc receptor was performed by incubating cells with
25 pg/ml human Fc block (BD Biosciences) in staining buffer
(PBS supplemented with 0.2% BSA and 0.09% sodium azide).
For intracellular staining of IFN-v, protein transport inhibitor
containing monensin (BD Biosciences) was added to the cells
during induction. Cells were fixed in fixation/permeabilization
solutions (BD Biosciences) using the manufacturer’s recom-
mended protocols. Anti-human IFN-y BV421 (clone B27) was
used for intracellular IFN-v staining. Data were acquired using
a BD FACSCelesta flow cytometer (BD Biosciences) and ana-
lyzed using Flow]o software (Tree Star, Ashland, OR). IFN-y™"
cells were analyzed in the gated CD3* CD4" T cells, CD3™
CD8™ T cells, and CD3~ CD56" NK cells as illustrated in the
gating strategies (Figs. S1 and S2).

Isothermal calorimetry

ITC experiments were performed on an iTC-200 (Malvern
Inc.) at 25 °C. Both recombinant hIL-12 or mIL-12 (200 um)
and the heparin oligosaccharides (2 mm) were dissolved in 10
mwm phosphate buffer (pH 7.2) containing 150 mm NaCl. The
concentration of hIL-12 or mIL-12 to heparin oligosaccharides
was maintained at a molar ratio of 1:10. All solutions were
degassed prior to titration. Isothermal titrations were per-
formed by injecting individual heparin oligosaccharides into
hIL-12 or mIL-12 solutions in the reaction vessel. Isothermo-
grams were obtained using 30 injections and were best-fit to a
one-site/multiple-site binding model using the Origin™ ver-
sion 7.0 software supplied by Microcal. Necessary blank correc-
tions were performed to eliminate contributions originating
from heats of dilution. To account for inaccuracy associated
with fitting of nonideal/nonsigmoidal binding isotherms, the
K, values are reported as K, (apparent).

Microarray of HS-derived compounds

A custom HS-microarray was fabricated as described previ-
ously (33). To prepare the array chip, HS oligosaccharides were
dissolved in sodium phosphate buffer (pH 8.5, 50 mm) in con-
centrations of 50 uM. The solution was spatially arrayed onto
N-hydroxysuccinimide—activated slides (Nexterion® Slide H
from SCHOTT, Jena, Germany) under ~50% relative humidity
at 20 °C. The robotic arrayer S11 (from Scienion, Berlin, Ger-
many) delivered 426 pl of the solution containing oligosaccha-
rides to the array slide. The array spots had an average diameter
of about 80 wm with a distance of 400 wm between the centers
of adjacent spots. The slides were incubated overnight in a sat-
urated (NH,),SO, chamber (81% relative humidity). The slides
were then washed with water to remove the unreacted oligosac-
charides from the surface. The remaining N-hydroxysuccin-
imidyl groups were blocked by placing slides in a solution that
contained 50 mm ethanolamine in PBST (137 mm NaCl, 13.2
mMm Na,HPO,, 1.56 mm NaH,PO,, 2.68 mm KCl, 0.01% Tween
20) at 50 °C for at least 1.5 h. Slides were rinsed several times
with deionized water, and the residual liquid was dried by
centrifugation.

The hybridization solution contained fluorescently IL-12 (10
pg/ml) and PBST (137 mm NaCl, 2.7 mm KCl, 4.3 mm
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Na,HPO,, 1.4 mm KH,PO,, 0.05% Tween 20), 20 mm Tris (pH
7.5), and 10% bovine serum albumin (BSA). The solution was
placed between array slide and coverslip and incubated for 1 h
at room temperature in a saturated (NH,),SO, chamber (81%
relative humidity). The slide was then washed with 45 ml of
PBST solution containing BSA (1%) and Tris (20 mm) for 5 min
in a clean 50-ml conical tube. The wash process was repeated
twice before analyzing the slide with the array scanner as
described below.

The array slides were scanned by a GenePix 4300 scanner
(Molecular Dynamics). Scanning wavelength was 488 nm. Res-
olution was set at 10 um. The array images were analyzed by
GenePix Pro 7.2.29.002 software. Spots were automatically
found, and spot deviations were manually fit to correct. Mean
median fluorescence intensities of arrays were calculated by
Array Quality Control software. Some thresholds were listed as
follows: median signal-to-background, >10; mean of median
background, <500; median signal-to-noise, >10; feature varia-
tion, 0.5; background variation, 0.5; features with saturated pix-
els, 0.1%; not found features, 7%; bad features, <7%.

IL-12/IL-12R complex modeling

Molecular modeling was performed using PyMOL molecular
visualization software (Schrédinger, LLC) in conjunction with
ClusPro protein—protein docking software and the Phyre2 web
portal (34-39). The intensive modeling mode of the Phyre2
web portal was used to predict the structure of each IL-12
receptor subunit ECD based on primary structure and homo-
geneity to known protein structures. Next, the human IL-12
protein (PDB code 1F45) was used as an input into the ClusPro
software together with each receptor subunit individually to
calculate their likely placement (35, 36). From the top clusters
given by the software, files with correct subunit interactions, i.e.
IL-12RB1 with p40 and IL-12RB2 with p35, and orientation
were chosen (40, 41). These two criteria alone eliminated all but
two models per receptor subunit for a total of four clusters. The
final two clusters were eliminated based on the nonphysiologi-
cal overlap of the receptor subunits when they were superim-
posed based on the hIL-12 protein in PyMOL.

Heparin-binding sites on each receptor subunit were pre-
dicted using ClusPro as well, using the heparin-docking func-
tion. The top-scoring segments for each of the subunits were
selected and highlighted in the protein structure models. After
each set of predictions was made, the location of each receptor
in relation to the other was modeled by superimposing the
IL-12 molecules onto each other using the “cealign” command
of the alignment/superposition plugin in the PyMOL software.
After the alignment of each individual interaction based on the
IL-12 molecule, no further modifications to the model were
performed.

Distances between heparin-binding sites within the hIL-12/
hIL-12R complex were determined using PyMOL’s measure-
ment tool. For each measurement, residues within the heparin-
binding segments that were closest to each other were used as
end points. Within these residues, the carbon atom was chosen
to approximate the distance between heparin-binding sites.
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Statistical analysis

Experiments were performed in triplicate and repeated three
times with similar results. Two-tailed ¢-tests were used for
comparisons of two groups such as positive percentages of
intracellular IFN-vyin response to hIL-12 alone and hIL-12 plus
heparin or binding affinities between heparin oligosaccharides
and hIL-12 or mIL-12. Extra sum-of-squares F test was used to
evaluate the difference of EC,, value generated by hIL-12 alone
and hIL-12 plus heparin. One-way ANOVA was used to discern
differences in cytokine release from cells undergoing multiple
treatments of a fixed concentration of hIL-12 and increasing
concentrations of heparin. Two-way ANOVA was used to dis-
tinguish differences of cytokine release from cells undergoing
combination treatments of hIL-12 and heparin. The Tukey
post-test was used after the ANOVA to compare individual
treatment groups. Statistical significance was accepted at the
p = 0.05 level. All analyses were conducted using GraphPad
Prism 7 software (GraphPad Software).
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