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Abstract

Although IL-18 has not previously been shown to promote T lymphopoiesis, results obtained via a
novel data mining algorithm (GAMMA), led us to explore a predicted role for this cytokine in T
cell development. 1L-18 is a member of the IL-1 cytokine family that has been extensively
characterized as a mediator of inflammatory immune responses. To assess a potential role for
IL-18 in T cell development, we sort-purified mouse bone marrow derived common lymphoid
progenitor cells (CLP), early thymic progenitors (ETP) and DN2 thymocytes and cultured these
populations on OP9-DL4 stromal layers in the presence or absence of IL-18 and/or IL-7. After one
week of culture, IL-18 promoted proliferation and accelerated differentiation of ETPs to the DN3
stage, similar in efficiency to IL-7. IL-18 showed synergy with IL-7 and enhanced proliferation of
both the thymus derived progenitor cells and the bone marrow derived common lymphoid
progenitor cells. The synergistic effect on the ETP population was further characterized and found
to correlate with increased surface expression of ¢-Kit and IL-7 receptors on the IL-18-treated
cells. In summary, we successfully validated the GAMMA prediction that I1L-18 affects T
lymphopoiesis and demonstrated that IL-18 can positively impact bone marrow lymphopoiesis and
T cell development, presumably via interaction with the c-Kit and IL-7 signaling axis.

Address correspondence regarding GAMMA or IRIDESCENT to Jonathan D. Wren, Ph.D (jdwren@gmail.com). All other
correspondence and reprint requests should be directed to T. Kent Teague, Ph.D. (kent-teague@ouhsc.edu).
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Introduction

Using a bioinformatics approach (1), IL-18 was predicted to be involved in T cell
development and differentiation by a program called GAMMA (Global Microarray Meta-
Analysis). GAMMA performs a meta-analysis of ~16,600 publicly available microarray
experiments, across different technological platforms (2-color, 1-color, and RNAseq), to
identify and rank gene pairs that are strongly correlated across experimental conditions (1).
The approach identifies sets of genes that are frequently transcribed and repressed together,
regardless of the experimental condition being analyzed, implying the pair is required for the
same biological purpose, whether such a relationship is formally documented or not. To
identify what these sets of genes have in common, an automated literature-mining program,
IRIDESCENT (Implicit Relationship IDEntification by in-Silico Construction of an Entity
based Network from Text) (2-4), was used to find published associations the gene set has
with diseases, phenotypes and function. GAMMA performed well on computational
benchmarks using genes of known function and was also successfully used to predict
function for several different poorly characterized or uncharacterized genes that were
subsequently validated by laboratory experiments(5-9). Of the genes that were identified
using this predictive strategy when employed for discovery of novel factors regulating
thymopoiesis, I1L-18 was of interest because it has not been directly linked to early T cell
development.

IL-18 was originally described as IFN-y-inducing factor because it was able to augment the
production of IFN-y from T cells and NK cells (10). As a part of the IL-1 cytokine family,
IL-18 is a multi-functional component of both the innate and the acquired immune response.
Under various conditions the 1L-18R1 and IL-18RAP (IL-18Receptor Accessory Protein)
are expressed on a variety of immune cells including NK cells, macrophages, neutrophils, B
cells, and fully differentiated Th1 cells [reviewed in (11)]. IL-18 has been shown to work in
synergy with other cytokines, including 1L-12 and I1L-4 and has been broadly implicated in
autoimmune and inflammatory diseases as well as chronic allergic rhinitis and asthma (12).
In the periphery, IL-18 is known to exert an influence on numerous and diverse T cell
processes. It increases Fas ligand-mediated cytotoxicity on T cells (13) and stimulates the
development of CD8 effector T cells (14). IL-18 also promotes chemotaxis of T cells (15).
Furthermore, IL-18 drives CD4 T cell effector responses; inducing IFN-y production by Thl
cells and promoting production of IL-4, IL-5 and IL-13 in Th2 cells (16-18). IL-18 can also
enhance Th2 responses (with IL-2) and is indispensable for Th17 responses (19). Transgenic
overexpression of 1L-18 had dramatic effects on the immune system, however, these studies
did not focus on the effects on early thymocytes, perhaps due to the important role for this
cytokine in Thl and Th2 differentiation that has kept the spotlight on peripheral immune cell
mechanisms (20, 21). Although the immunomodulatory functions of I1L-18 are relatively
well defined, its potential role in T cell development, as predicted by GAMMA is not
known. Previous studies have demonstrated thymic expression of 1L-18 and this cytokine
has been shown to promote the differentiation of fetal DN thymocytes to thymic-derived
dendritic cells (22, 23). Furthermore, thymocyte stimulation with 1L-18 can elicit production
of Thl and Th2 cytokines in the presence of 1L-12 and IL-2, respectively (24). These studies
demonstrated the potential of IL-18 to signal within the thymic microenvironment and
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indicated that IL-18 may indeed be an as yet unrecognized factor capable of influencing
early T cell development.

In an attempt to assess the potential role of IL-18 in T cell development, we co-cultured
mouse bone marrow HSC and CLP and thymus ETP and DN2 on OP9-DL4 stromal cells,
either with 1L-18 alone or in conjunction with IL-7, which is traditionally used to promote
proliferation and survival of thymocytes in this system (25). We found that IL-18 synergized
with IL-7 in promoting strong proliferation of CLP, ETP and DN2 populations. The effect
on the ETP cells was further characterized and found to correlate with increased surface
expression of CD127 and CD117 on these cells. Surprisingly, we found that IL-18 alone was
capable of promoting ETP proliferation to a magnitude similar to that observed for IL-7.
These findings demonstrate a novel role for IL-18 in promoting in vitro T cell development
from immature precursors and further validate GAMMA as a method to predict putative
phenotype and function for genes.

Materials and Methods

Mice

C57BL/6 were bred and housed at the University of Oklahoma-Tulsa Comparative Medicine
satellite facility under the oversight of the University of Oklahoma Health Science Center
Comparative Medicine Facility (Oklahoma City, OK), an Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC) approved animal facility. Animal
husbandry and all experiments were performed in accordance with procedures outlined in
the Guide for the Care and Use of Laboratory Animals (National Research Council).
Protocols were reviewed and approved by the Institutional Animal Care and Use Committee
of the University of Oklahoma Health Science Center. Mice used in this study were females
ranging from 6 to 12 weeks of age. IL18r1 deficient mice (Strain B6.129P2-1118r1tM1AKI/3)
on a C57BL/6 background (26) were purchased from the Jackson Laboratory (Bar Harbor,
Maine).

Tissue harvest and cell staining

Thymuses were harvested and placed into complete tumor media (CTM) as previously
described (27). Thymuses were crushed through 70-um nylon cell strainers to produce single
thymocyte suspensions. Cells were treated with RBC lysis buffer (Sigma-Aldrich, St. Louis,
MO) and washed into CTM prior to counting. Thymocytes at a concentration of 1x108
cells/ml, were incubated with mAb against mouse CD16/CD32 (Fc Block) (BD Biosciences,
San Jose, CA) to block potential Fc-mediated binding and then stained at a density of 1x108
cell/ml with primary mAbs for DN3a, DN3b and DN4a sorts: CD4-bio, CD8-bio, TCRyS-
bio, TCR-B-bio, Lin-bio (28), CD25-PE, CD44-APC-Cy7, CD28-FITC for 45 minutes at
4°C in the dark. After two washes, the cells were further stained with SA-PE Texas Red for
30 minutes at 4°C in the dark. ISP (CD4~CD8*CD24NTCR-B") cells were sorted-purified by
staining with CD4-APC, CD8-FITC, TCR-B-PE-Cy7, and CD24-PE. ETP and DN2 cells
were sort-purified, as shown in figure 1A, by staining with the following fluorochrome and
biotin coupled mAbs followed by SA-PE Texas Red: CD4-bio, CD8-bio, TCRyé-bio, TCR-
f-bio Lin-bio (28), CD25-PE, CD44-APC-Cy7, c-kit-FITC. To assess the proliferation
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kinetics, ETP were labeled with CFSE (Life Technologies, Grand Island, NY) prior to
placing in co-culture. CFSE labeling was performed by incubating cells at room temperature
for 10 min in PBS solution containing 1% FBS and 5uM CFDA-SE and removing excess
CFDA-SE by washing cells with culture media. 1,000 cells from each population were
cultured in replicate wells in a 24-well plate containing confluent OP9-DL4 stromal cells
with/without cytokine(s). All cytokines were obtained from R&D Systems (Minneapolis,
MN). Unless otherwise indicated cytokine concentrations were as follows: IL-7 (5 ng/ml),
and IL-18 (100 ng/ml).

For hematopoietic stem cells (HSC) (Lin"Kit*CD127~) and common lymphoid progenitor
cells (CLP) (Lin"Kit*CD127*) isolation, single cell suspensions of bone marrow from WT
mice were processed to remove RBCs and block potential FC-mediated antibody binding by
treating cells with RBC lysis buffer followed by staining with anti-CD16/CD32 antibody.
Bone marrow cells (1 x 108 cells/ml) were then stained with a biotin-conjugated lineage
cocktail (CD45RA (clone:14.8), Grl (clone:RB6-8C5), CD11b (clone: M1/70), Terl119
(clone: TER-119), CD45/B220 (clone: RA3-6B2), CD2 (clone RM2-5), CD3 (clone:
145-2C11), Cd8 (clone: 53.6.7), CD49b (clone: DX5), and CD19 (clone:1D3)) and anti-
mouse mAD against c-kit (c-kit-APC) and IL-7Ra (CD127-PE). This staining was followed
by incubation with SA-PE Texas Red. Based on these markers, HSC and CLP were
discriminated and sort-purified.

After times indicated in the Results section, the co-cultured cells were harvested by
aspirating and discarding half the culture volume then re-suspending the co-cultured cells by
forceful pipetting in the remaining culture volume followed by straining through a 30 pm
mesh to remove any detached OP9-DL4 monolayer cell aggregates from the plate. Any
remaining OP9-DL4 cells were further discriminated from thymocytes by gating using
forward and side scatter; gating out the much larger OP9 cells. The cells were stained with
CD4-APC, CD8-Pacific Blue, CD25-PE, CD44-APC-Cy7, CD28-FITC, TCR-B-PE-Cy7,
TCRy38-bio, Lin-bio (28), followed by SA-PE Texas Red. To assess changes in IL-18R1,
CD117, and CD127 surface expression, cells were stained with FITC-conjugated anti-
IL-18R1 (R&D system; clone 112614), APC conjugated anti-CD117 (Biolegend; clone
2B8), or PE conjugated anti-CD127 (eBioscience; clone A7R34) and the geometric mean
fluorescence intensity for IL-18R1, CD117, and CD127 staining on gated population was
compared with respective isotype control staining intensities.

Flow cytometry

Freshly isolated thymocytes were stained as described above to discriminate the DN, DP,
SP4, SP8, DN1-4, and the DN3/DN4 subsets (29) to establish gating parameters for cells
harvested from OP9-DL4 co-cultures. A MoFlo-XDP cell sorter with Summit v4.3 software
(Beckman Coulter, Fullerton, CA) was used for the experiments that included sorted
populations. Cells were analyzed using a BD LSRII 4-laser flow cytometer and FACS Diva
(BD Biosciences, San Jose, CA) and FlowJo software (Tree Star, Ashland, OR).
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OP9-DL4 co-cultures

The OP9-DLA4 cell line was kindly provided by Juan Carlos Zufiga-Pfllicker and maintained
according to the protocols from his laboratory (30). For each experiment a fresh vial was
thawed and grown to 60-80% confluence on treated plates; cells were then split and grown
again to 60-80% confluence before the final plating on experimental 24-well treated plates.
Sorted bone marrow and thymocyte subsets were co-cultured in plates with the OP9-DL4
stromal cells in aMEM (Invitrogen, NY) supplemented with 16.5% FBS (Sigma-Aldrich)
and penicillin-streptomycin (Sigma-Aldrich) (culture media) and the cytokines indicated in
the figures. It should be noted that no FIt3L was added to any of the cultures. After 7 days,
the cells were harvested from the wells, counted, and stained for flow cytometry. Viable cell
counts were obtained using 0.4% Trypan Blue (Lonza Inc, Allendale, NY) staining or
annexin V and 7AAD staining technique.

Quantitative Real Time RT-PCR

Total RNA from sort-purified thymocyte subsets (2x104 cells) and splenic NK cells (1x10)
were isolated using Qiagen (Germantown, MD) Mini-Elute columns. Total RNA was
reverse transcribed to cDNA using a Qiagen Sensiscript Reverse Transcriptase kit. 1L-18
receptor transcript abundance was measured by amplifying cDNA using IL-18Ra and
IL-18Rp primers from Quantitect (Qiagen) and quantified by the SYBR Green detection
method using a ViiA™ 7 Real-Time PCR System (Life Technologies).

GAMMA (global microarray meta-analysis)

The GAMMA analysis predicted 1L-18 should play a role in thymopoiesis and thymocyte
differentiation based upon the genes it is highly correlated with across over 16,600 human
microarray experiments. After identifying gene sets most specifically and consistently co-
expressed with 1L-18 across heterogeneous conditions, it used large-scale literature mining
to identify what these co-expressed genes have in common. These commonalities become
the inferred functions, roles and phenotypes for IL-18. Known functions serve as positive
controls and, for 1L-18, many of its major known roles were correctly predicted on the basis
of its co-expressed genes, such as its pro-inflammatory role in the immune response and its
ability to influence cytokine production, as well as genetic associations with other cytokines
such as IL-12, I1L-10, and IL-1.

Data Analysis

Flow cytometry data was analyzed using FACS Diva (BD Biosciences, San Jose, CA) and
FlowJo software (Tree Star, Ashland, OR). Statistical analysis was performed using
Graphpad Prism 6 Software and statistical significance between variables was estimated by
performing One-way ANOVA and Fischer’s test for multiple comparisons.

Results

IL-18 acts in synergy with IL-7 to induce expansion of ETPs on OP9-DL4 stromal cells

An IL-18 dose response was performed in order to determine the effect of IL-18 on
immature thymocytes in culture. Sort purified ETPs were cultured for one week on OP9-
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DL4 stroma with IL-7 added at a concentration of 5ng/ml in conjunction with 1L-18 at
concentrations ranging from 0.1 ng/ml to 100 ng/ml. Supplementing co-cultures with IL-18
significantly enhanced the expansion of ETP, as determined by total cell yields on day 7,
compared to control treatments (Fig 1B). We observed that the magnitude of ETP expansion
in the presence of IL-18 alone was comparable to the ETP expansion observed in the
presence of IL-7 alone. Adding IL-7 and IL-18 together to the co-cultures greatly increased
the cell yields when compared to cultures containing either IL-7 or IL-18 alone. The
synergistic effects of 1L-18 and IL-7 were evident only at higher doses of IL-18 (=10ng/ml).
Requirement of a higher IL-18 dose for cell response is not unusual as relatively higher
concentrations of 1L-18 are known to be required to activate cells in vitro (31). We next
tested whether 1L-18 influenced expansion of other immature thymocyte subsets including
DN1d/e, DN2, and DN3 populations. We found that neither IL-7 nor IL-18 alone had an
apparent effect on the expansion of these thymocytes, although co-cultures supplemented
with both IL-7 and IL-18 showed a modest effect in promoting expansion of the DN2
population (Fig 1C). These results demonstrate that IL-18 can promote expansion of ETPs
and can synergize with IL-7 in a dose dependent manner.

IL-7 and IL-18 stimulation enhance survival and proliferation of ETPs in OP9-DL4 co-

cultures

To assess whether increased cell yields in IL-7 and I1L-18 stimulated ETP co-cultures were
due to enhanced survival or increased proliferation, we measured cell viability in co-cultures
by Annexin-V/7AAD staining and monitored cell divisions using a CFSE dilution assay. We
observed that the percentage of live cells in ETP co-cultures stimulated with cytokines was
significantly higher than that observed in unstimulated co-cultures (Figure 2A). IL-7 and
IL-18 were equally potent in increasing live cell percentages in 7-day co-cultures. There was
also no apparent synergistic effect in the IL-7 + IL-18 condition on cell survival, presumably
because there was minimal cell death observed in these co-cultures stimulated with IL-7 or
IL-18 alone. Because the differences in cell survival among the treatments are small, it’s
unlikely that enhanced ETP expansion in stimulated cultures was entirely due to enhanced
survival. Hence, we compared the proliferation kinetics of unstimulated and stimulated ETP
co-cultures. CFSE profiles demonstrated that the ETPs had undergone more cell divisions
than CFSE staining can reliable detect by day six, irrespective of the culture conditions
(Figure 2B). However, CFSE profiles on day four clearly showed that ETPs stimulated with
either IL-7 or IL-18 alone or in combination experienced more divisions compared to
unstimulated ETP cultures. Importantly, the synergistic action of IL-7/IL-18 co-
administration was observed on day 4. Together, these results support the contention that
IL-18 promotes expansion of ETPs by enhancing both survival and proliferation of ETPs.

IL-18 accelerates the differentiation of immature thymocytes

To determine whether IL-18 could influence the differentiation of immature thymocytes,
sort-purified ETPs, or DN2s were co-cultured with OP9-DL4 stromal cells in the presence
of IL-7 or 1L-18 alone or in combination. After 7 days, differentiation of thymocytes in the
co-cultures was analyzed by discriminating thymocyte populations using surface markers.
Both ETP and DN2 co-cultures supplemented with recombinant IL-7 showed an increase in
total cell number after 7 days without any notable changes in the percentages of different
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thymocyte populations in comparison to untreated co-cultures (Figures 3A and 3B).
Similarly, ETP and DN2 co-cultures treated with either IL-18 alone or in combination with
IL-7 showed an increase in total cell number without skewing the percentages of any
particular thymocyte population as compared with IL-7 alone or untreated cultures.
However when we evaluated differentiation of ETPs from CFSE dilution assays at earlier
time points (Fig 3C), we saw that the differentiation of ETPs into DN2 and DN3 subsets
occurred at a faster rate in IL-7 and IL-18-stimulated cultures compared to unstimulated
controls. The CFSE profiles also showed no preferential expansion or differentiation of a
particular thymocyte population in co-cultures stimulated in the presence of IL-18 (data not
shown). To determine the capacity for further development along the T cell lineage, we
evaluated DN3a thymocyte subsets generated in vitro from ETP/OP9-DL4 co-cultures and
fresh ex vivo DN3a thymocytes sort-purified from the thymus for their potential to develop
into DP cells. We found that all in vitro generated DN3a subsets, irrespective of the source
and treatment conditions, differentiated into DP subsets when co-cultured on OP9-DL4
stromal cells for 7 days (Fig. 3D) in the absence of IL-7. However, in the presence of IL-7
there were significantly fewer DP thymocytes, as evidenced by the percentage of cells
within the DP quadrants, from DN3a populations generated from ETP co-cultures as well as
from DN3a populations from thymus. This effect is not surprising, as IL-7 has been shown
to inhibit the transition of DN2/DN3 thymocytes to the DP stage (32). These results
collectively suggest that IL-18 increased the expansion of immature thymocytes without
interfering with their differentiation into more mature thymocytes.

ETP and DN2 subsets express IL-18 receptor transcript but not discernible levels of IL-18
receptor protein as assessed by flow cytometry

To further characterize the mechanism(s) by which IL-18 exerts its effect on developing T
cells, surface expression of the IL-18R1 (CD218a) was assessed on the four main thymocyte
populations, DN, DP, SP4 and SP8 (Figure 4A). Only a small percentage of the DN
population and the SP4 population stained positively for the IL-18R1. Subdivision of the
DN compartment revealed that only the DN1 population contained 1L-18R1 expressing
cells. Further parsing of the DN1 compartment by CD24 and c-Kit staining showed 1L-18R1
surface expression to be restricted to the DN1e population. This is somewhat surprising
given that the DN1a/b population (ETPs) expanded in the presence of IL-18 as did both
ETPs and DN2 cells with the combination of both IL-7 and IL-18 as shown in Figure 1C.

Because surface expression of the IL-18R1 was not detectible in the IL-18 responsive ETP
and DN2 populations using flow cytometry, we assessed IL-18 receptor expression on ETP,
DN1e/d, DN2, and DN3 thymocytes using Real-time RT-PCR. Both ETPs and DN2
expressed low levels of IL-18R1 and IL18Rap mRNA compared to DN1e/d populations and
positive control splenic NK cells (Fig 4B). The OP9-DL4 stromal cells did not express IL-18
receptor either at transcript level or at surface expression (data not shown).

The IL-18 effect on thymocyte expansion is absent in cells from IL-18R1 deficient mice

Although we did not detect surface expression of IL-18 receptors on ETPs or DN2
thymocytes, the presence of 1L-18 receptor transcripts in these cells suggest the possibility
for very low levels of receptor expression. To determine whether the IL-18 effects in the
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cultures were the direct result of IL-18 receptor engagement, we repeated the OP9-DL4 co-
cultures described above comparing thymocytes from IL-18R1 null mice to wildtype
thymocytes. ETPs from either C57/BL6 mice or IL-18R1 null mice (Figure 5) were plated
with no cytokine, IL-7, IL-18, or a combination of IL-7 and IL-18. As expected, the
IL-18R1 null mice did not show expansion in response to IL-18. The synergy between IL-18
and IL-7 was also absent in the null mice. This indicated that the IL-18 effects were
mediated through the IL-18 receptor even though we were unable to detect IL-18R1 on the
surface of the ETPs via flow cytometry.

IL-18 stimulated ETPs significantly upregulate c-Kit and IL-7Ra receptor expression

C-K:it signaling has been shown to play an important role in promoting proliferation and
differentiation of DN1 and DN2 thymocyte populations (33). Additionally, Zhoua et. al.

(34) showed that recombinant IL-18 can positively regulate the expression of c-Kit in human
melanocytes. To evaluate a potential mechanistic concurrence in our model, we tested the
effects of IL-18 on regulation of c-Kit and IL-7Ra expression on immature thymocytes
differentiating in the OP9-DL4 co-cultures. ETPs cultured in the presence of IL-7 or 1L-18
alone for seven days demonstrated significantly upregulated c-Kit expression on the
resulting DN2 and DN3 cells, though the effect was modest in comparison to the effect of
adding both cytokines simultaneously (Figure 6). ETPs exposed to IL-7 plus IL-18 showed
robust increases in surface c-Kit expression (~13.5-fold over control), which was
significantly greater than what was observed in ETP cultures exposed to IL-7 or IL-18 alone
(Figure 6A). Because 1L-18 had a synergistic effect with IL-7, we also assessed the IL-7
receptor expression on these cells when treated with 1L-18. As expected, stimulating ETPs
with IL-18 caused a significant upregulation of surface IL-7Ra in differentiating thymocytes
after seven days of co-culture (Figure 6B). ETP cultures exposed to IL-7 with or without
IL-18 showed minimal IL-7Ra expression on the differentiating thymocytes, presumably
due to activation-induced receptor internalization.

IL-18 promotes the expansion of immature progenitor cells in OP9-DL4 co-cultures

Lack of IL-18 mediated proliferative effects in DN1e/d despite 1L-18 receptor expression by
these cells suggested that IL-18 receptor expression alone is not sufficient for the
proliferative effects. On the other hand, we found that cells responding to IL-18 both express
c-kit and IL-7R, as well as upregulate these receptors after stimulation with I1L-18. Hence,
we hypothesized that the IL-18 proliferative effects are not restricted to immature
thymocytes and may be present in other progenitor cells expressing c-kit and IL-7 receptors.
To test this hypothesis we further investigated the proliferative effects of 1L-18 on
hematopoietic progenitor cells (HSC) and common lymphoid progenitor cells (CLP) isolated
from mouse bone marrow, which also express the c-kit receptor. We observed that
supplementing cultures with IL-7 and IL-18 significantly enhanced the proliferation of both
HSC and CLP co-cultured on the OP9-DL4 stromal cells (Figure 7), although the
proliferative effects of IL-7 and IL-18 combination is modest in co-cultures started with
HSC compared to CLP.

J Immunol. Author manuscript; available in PMC 2016 April 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gandhapudi et al. Page 9

Discussion

Humans have approximately 25,000 genes and, although their positions have been known
since the completion of the draft genome in 2000, about one third of them still have yet to be
characterized. Algorithmic approaches to predicting function on the basis of transcriptional
network analysis, such as the GAMMA approach used here, enable function and phenotype
to be predicted for genes (Figure 8). In the case of IL-18, much was already known;
however, what we have shown here is that there can still be unknown/unexplored functions
for known genes that can be inferred on the basis of their close neighbors in the
transcriptional network.

As detailed in the Results section, 1L-18 dramatically influenced T cell development in our
in vitro model. I1L-18 augmented thymocyte proliferation and accelerated differentiation
capacity. Interestingly, the proliferative effects of IL-18 are not restricted to T cell
progenitors in the thymus but also seen in more immature progenitor cells such as HSC, and
CLPs in bone marrow that gives rise to all lymphoid-derived cells, suggesting the possibility
that IL-18 can influence lymphopoiesis more broadly. Although IL-18 has well-established
roles in a number of other processes, its involvement in early T cell development has not
been well defined. IL-18 has been reported to be expressed within the microenvironment of
the thymus (22) and therefore it is compelling to believe that it plays a functional role in T
lymphopoiesis. IL-18 signaling-deficient mice demonstrate defects in peripheral Thl
responses, NK cell responses, and y8 T cell homing to lymph nodes (26, 35), although no
gross defects in T cell development were reported in either IL-18-deficient or IL-18R1-
deficient mice. The lack of a noticeable effect on T cell production (26, 35) suggests that the
low level of IL-18 expressed in the thymus is not essential for T cell development under
non-stressed conditions. However, the effects of this cytokine on thymocyte development
could be missed unless the host system is stressed, as elevation of this cytokine would only
be predicted to occur as a result of infection. Injection of IL-18 cDNA in conjunction with
cDNAs for IL-2 or IL-12 in mice resulted in increased expression of cytokines (especially
IFN-vy) from early thymocytes, giving at least indirect evidence that elevated levels of IL-18
can alter the thymic environment (24).

The IL-18-induced proliferative effects on thymocytes that we show here builds on previous
evidence for a role for this cytokine in positive regulation of proliferation of T lymphocytes.
This role was demonstrated in an earlier study (36) that showed IL-18 could induce
proliferation of antigen-stimulated memory T cells in the periphery. In vivo relevance of the
IL-18 effect was more recently reported in a study that showed IL-18 drove homeostatic
expansion of naive CD8 T cells in a lymphopenic host (37). The results we report here are
intriguing because existing literature suggests that proinflammatory cytokines and
inflammation in general negatively impact T lymphopoiesis (22—-24,38, 39), which is in
contrast with the IL-18 effects we have found on immature thymocytes and bone marrow
progenitors. For instance, thymic involution has been shown to occur rapidly within 72 hr of
endotoxin challenge (39). Although there is ample evidence suggesting that physiological
stressors such as infection and inflammation can cause thymic atrophy due to apoptosis of
DN and DP subsets (39, 40), the key players in restoring thymic homeostasis after infection
or inflammation remain poorly defined. Because 1L-18 showed effects similar to IL-7 in
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promoting proliferation and survival of ETPs, one could predict that IL-18 can act as a
compensatory mechanism to boost thymic progenitors during an infection or inflammation
and to restore thymic homeostasis. However intriguing, the complexities associated with
exploring this hypothesis are beyond the scope of our current study.

Previous studies have demonstrated dendritic cell potential of DN1d and DN1e subsets in
vivo (41) and the ability of IL-18 to drive differentiation of fetal DN1 cells to dendritic cells
(22). However, in our OP9-DL4 co-cultures, IL-18- induced proliferative effects appeared
restricted to DN1a/b (ETP) and DNZ2 cells that progressed toward DN3 as we observed no
expansion of the of DN1d/e cells in this system (Figure 4). In any case, the experiments
presented here clearly demonstrate that under controlled conditions, 1L-18 can potentiate
ETP proliferation and differentiation toward the T-lineage.

Notch signaling plays a crucial role in directing T cell development by tightly regulating
various developmental steps including commitment, selection, proliferation, and survival of
differentiating thymocytes (42). For instance, Notch can promote the proliferation and
survival of DN populations by positively regulating the growth promoting signal pathways
mediated by IL-7R and c-Kit (33, 43). There is ample evidence suggesting that both IL-7R
and c-Kit play important roles in promoting the proliferation and survival of immature
thymocytes (33, 44, 45). Consistent with these studies, we observed higher levels of both
IL-7R and c-Kit on the surface of thymocytes expanded in the presence of 1L-18 and IL-7
(Figure 6). These two receptor signaling pathways reportedly directly interact with each
other (46) and positively regulate STATS5 signaling. Hence, it is plausible that the 1L-18
effects in augmenting thymocyte expansion are mediated through positive regulation of a c-
Kit and IL-7 signaling axis. However, further studies are essential to confirm this contention
and to explore whether 1L-18 modulates c-kit and IL-7R expression directly using
transcriptional or post-transcriptional mechanisms or indirectly by modulating notch
signaling, which is known to modulate the expression of these receptors on the surface.

Perhaps most importantly, we have demonstrated that IL-18 can substitute for IL-7 in early
thymic development processes and can synergize with IL-7 in promoting proliferation. This
finding warrants further investigation to determine whether co-administration of I1L-18 and
IL-7 will be valuable for therapeutic purposes. Administration of recombinant IL-7 has
shown promise in clinical trials due to its ability to promote lymphopoiesis under
lymphopenic conditions (47, 48). However, use of IL-7 has limitations such as its bias
towards homeostatic expansion of peripheral lymphocytes and its marginal effects on
enhancing progenitor cell populations that give rise to lymphocyte diversity(49, 50).
Furthermore, the duration and dose of IL-7 necessary for effect pose a risk of graft versus
host disease (GVHD) due to its ability to enhance T cell functions (48, 51). IL-18 has also
been put into the spotlight for its potential role in cancer treatment and is showing promising
results in pre-clinical and clinical studies (52-54). Based on the robust synergistic effects
observed in our assays and the recently reported effects of IL-18 in driving homeostatic
expansion of naive CD8 T cells in lymphopenic mice (37), it is possible that combining
IL-18 and IL-7 as a combination therapy in humans could overcome the limitations of IL-7,
by enhancing the IL-7 effects on bone marrow and thymus progenitor cells and decreasing
the dose and duration of 1L-7 needed for lymphocyte reconstitution in clinical scenarios of
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lymphodepletion. Alternatively, this synergy could be exploited to expand progenitor cells
ex vivo for reconstitution into lymphopenic hosts.

As IL-7 has been characterized to be absolutely required for “normal” T cell development, it
will be interesting to further characterize and compare the differences in phenotypically
identical cells that have been raised in IL-7 versus IL-18 environments. The value of these
studies lies in the ability to potentially co-opt these signaling pathways for future potential
therapeutic purposes by enhancing our ability to elaborate T cells in vivo following
lymphodepletion or in vitro for envisioned adoptive immunotherapy or reconstitution

efforts.
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Figure 1. Enhanced ETP and DN2 thymocyte expansion in the presence of IL-18
A) Gating strategy used for discriminating ETP and DN2 thymocyte subsets. Sort-purified

ETP or DN2 thymocytes were co-cultured on OP9-DL4 stromal cells in culture media
supplemented with 1L-18 or IL-7 alone or in combination and cell yields on day 7 were
measured using a hemocytometer. B) Cell number in ETP cultures stimulated with indicated
concentrations of IL-7 and IL-18. C) Cell yields in ETP and DN2 cultures stimulated with
5ng/ml IL-7 and 100ng/ml IL-18. Data are presented as mean + SEM of 3 replicate wells for
each experimental condition and are representative of three experiments with similar results.
***p <0.001, **p <0.05.
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Figure 2. Enhanced proliferation and survival of ETP in the presence of IL-7 and I1L-18
Sort-purified ETPs were co-cultured with OP9-DL4 stromal cells in media supplemented

with IL-18 or IL-7 alone or in combination. A) Survival of cells after 7 days of culture was
assessed using Annexin V and 7AAD binding (percentages of cells in each quadrant are
represented as the mean + SEM of 3 replicates wells). B) CSFE dilution profiles for ETPs
expanding under indicated conditions on day 3, 4, or 6. Histograms are representative of
duplicate samples from each experimental condition and are representative of at least three
experiments with similar results. **p<0.05
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Figure3.IL-7 and IL-18 accelerate ETP differentiation without skewing to a particular subset
Sort purified ETP or DN2 thymocytes were co-cultured with OP9-DL4 stromal cells in

media supplemented with IL-18 or IL-7 alone or in combination. Differentiation of ETP and
DN2 cells into more mature thymocytes were assessed by discriminating cells in the cultures
using standard phenotypic markers. Thymocyte subsets identified in ETP/OP9-DL4 (A) or
DN2/0OP9-DLA4 (B) co-cultures on day 7 under indicated conditions are shown. C)
Thymocyte subsets identified in ETP/OP9-DL4 co-cultures during five-day expansion of
ETPs under indicated conditions. D) DN3a thymocytes sorted from day 7 ETP or DN2 co-
cultures or thymus from C57BL/6 mouse were further cultured for 8 days on OP9-DL4
stromal cells and their differentiation into SP4, SP8 or DP cells were analyzed using
phenotypic markers. Dot plots were representative of 2—3 replicates in each treatment and
each experiment was repeated at least three times with similar results.
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and cell yields from day 7 co-cultures were measured using a hemocytometer. Data are
presented as means + SEM of three replicate wells from each experimental condition and are
representative of three experiments with similar results. ***p<0.001.
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Figure6. IL-18 induced upregulation of c-kit and IL-7Ra surface expression on ETP-OP9-DL 4
co-cultures

Sort purified ETPs from C57BL/6 mouse thymocytes were co-cultured for 7 days with OP9-
DL4 stromal cells supplemented with 1L-18 or IL-7 alone or in combination. DN2 and DN3
cell surface expression of (A) c-Kit (CD117) and (B) IL-7Ra (CD127) was analyzed by
flow cytometry. Histograms are representative of three replicates in each treatment.
Numbers in the histograms represent geometrical mean fluorescence intensity of CD117 or
CD127 or their respective isotype control (ISO) staining. Bars represent mean + SEM of
receptor expression, as determined by fluorescence intensity, from 3 replicate wells in each
treatment. Data are representative of three experiments with similar results. ***p<0.001.
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Figure7.1L-18 promotes expansion of HSCsand CLPsin OP9-DL 4 co-cultures
Sort purified HSC (1 %104 cells) and CLP (500 cells) from C57BL/6 mouse bone marrow

were co-cultured with OP9-DL4 stromal cells in media supplemented with I1L-18 or IL-7
alone or in combination and cell yields from day 7 co-cultures were measured using a
hemocytometer. Data are presented as means + SEM of three replicate wells from each
experimental condition and are representative of three experiments with similar results. **
Significant with p<0.05 compared to controls and ## significant with p<0.05 compared to
IL-7 or IL-18.
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By using a set of 20 co-expressed (CoX) genes with known functions as a proxy, we can
infer what an unknown gene does. Benchmark analyses using 5000 genes of known function
confirm the approach is accurate. Experimental validations so far have corroborated the

ability to predict function using this “guilt by association” approach.
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