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Abstract

JAKZ genetic variants are associated with inflammatory bowel disease (IBD) and JAK inhibitors
are being evaluated for therapy targeting immune-mediated diseases, including IBD. As JAK
pathway-mediated cytokine regulation varies across cell types and stimulation conditions, we
examined how JAK signaling and IBD-associated JAKZ variants regulate distinct acute and
chronic microbial product exposure outcomes in human myeloid cells, consistent with the
conditions of initial entry and ongoing intestinal tissue residence, respectively. Macrophages from
controls and ulcerative colitis patients carrying the IBD-risk rs10758669 CC genotype showed
increased JAK2 expression and NOD2-induced JAK2 phosphorylation relative to AA carriers.
Interestingly, the threshold of JAK2 expression and signaling determined pattern-recognition
receptor (PRR)-induced outcomes; while anti-inflammatory cytokines progressively decreased
with lower JAK2 expression, pro-inflammatory cytokines switched from decreased to increased
secretion below a certain JAK2 expression threshold. Low JAK2-expressing rs10758669 AA
macrophages were above this threshold; consequently, both PRR-induced pro- and anti-
inflammatory cytokines were decreased. However, relative to rs10758669 CC risk-carriers, AA
carrier macrophages switched to increased NOD2-induced pro-inflammatory cytokines at lower
therapeutically-used JAK inhibitor doses. Importantly, JAK inhibitors increased pro-inflammatory
cytokines secreted by peripheral macrophages following chronic PRR stimulation and by human
intestinal myeloid cells following exposure to intestinal pathogens. Mechanistically, the decreased
response to and secretion of autocrine/paracrine IL-10, IL-4, 1L-22 and thymic stromal
lymphopoietin regulated these JAK-dependent outcomes in myeloid cells. Taken together, JAK
signaling threshold determines whether PRR-induced pro- and anti-inflammatory cytokines are
reciprocally regulated in myeloid cells; consideration of JAKZ genotype and targeting of specific
cell types might improve JAK-targeted therapy in immune-mediated diseases.
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Introduction

Proper balance between pro- and anti-inflammatory cytokine secretion following
host:microbe interactions at mucosal surfaces is essential for intestinal immune homeostasis.
Consistently, inflammatory bowel disease (IBD) is characterized by dysregulated cytokines
and multiple IBD-risk loci are found in regions encompassing cytokine-associated
pathways(1-3).

The recognition and response to microbial products occurs through pattern recognition
receptors (PRRs), particularly in myeloid-derived cells. The PRR NOD2 constitutes the
highest genetic risk for developing Crohn’s disease(1). Intestinal myeloid cells are derived
from peripheral monocytes that migrate into the intestinal lamina propria(4, 5). This initial
entry exposes these cells acutely to microbial ligands, including the NOD2 ligand
peptidoglycan(6), resulting in both pro- and anti-inflammatory cytokine secretion. However,
after ongoing microbial ligand exposure, myeloid-derived cells secrete low levels of
cytokines upon additional microbial product exposure(4, 7, 8). Consistently, intestinal
myeloid cells similarly secrete very low levels of cytokines to microbial products(4).
Therefore, as monocytes enter the intestinal lamina propria, the outcomes following both
acute and chronic exposure to microbial ligands are critical in intestinal immune
homeostasis. Furthermore, during intestinal injury, peripheral monocyte recruitment to
intestinal tissues is increased, which contributes to inflammatory outcomes(5, 9, 10).
Moreover, inflamed conditions in the intestinal environment lead to dysregulated
conditioning of newly recruited myeloid-derived cells(5, 10). Consistently, pro-
inflammatory cytokine secretion by intestinal myeloid cells is increased in IBD(11). NOD2
contributes to both phases of myeloid cell entry into intestinal tissues, to acute
recruitment(12, 13) and to optimal cytokine downregulation in resident intestinal myeloid-
derived cells(8, 14).

The rs10758669 risk locus associated with both ulcerative colitis and Crohn’s disease is
located in the JAKZregion(3). The C risk allele is associated with increased intestinal
permeability(15), but it is unclear how it affects other immune outcomes. JAK proteins
(JAK1, JAK2, JAK3 and TYKZ2)(16) are required for signaling through multiple cytokine
receptors on various cell types. This, in turn, regulates broad outcomes, including responses
to PRR ligand-induced cytokine autocrine/paracrine loops. Gain-of-function mutations in
select JAK members in diseases including myelofibrosis have led to therapies inhibiting JAK
signaling(16). Consistent with the dysregulation of numerous cytokines in immune-mediated
diseases, many of which signal through JAKs, JAK-inhibiting therapies have since proven
effective for select immune-mediated diseases, including rheumatoid arthritis and
psoriasis(16). Tofacitinib, an inhibitor of multiple JAKs(17), is also being studied in IBD,
with phase 11(17) and 111(18) trials demonstrating efficacy in ulcerative colitis. The phase Il
tofacitinib trials failed to meet primary endpoints in Crohn’s disease, although the placebo
response was rather high in some cases (19, 20). This may also highlight that JAK family
members have distinct contributions to ulcerative colitis and Crohn’s disease pathogenesis.
For example, given the particularly significant role for innate immunity in Crohn’s disease,
one possibility for the distinct outcomes in these trials is that broad JAK inhibition may
differentially regulate inflammatory outcomes in myeloid cells (innate immunity) relative to
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T cells (adaptive immunity). JAK inhibition can decrease T cell-mediated inflammation(21,
22). However, in myeloid cells JAK inhibition decreases proinflammatory outcomes in some
studies (21, 23), but increases proinflammatory outcomes in others (24, 25). Increased pro-
inflammatory cytokines in myeloid cells with JAK inhibition would be undesirable in
intestinal tissues, especially in inflamed conditions. Therefore, distinct JAK inhibition
outcomes in different cell subsets might affect the efficacy of therapy targeting IBD and
other immune-mediated diseases. As acute and chronic myeloid cell responses to microbial
products reflect the initial entry and ongoing residence of macrophages in the intestinal
lamina propria, respectively, we questioned how JAK inhibition regulates these two phases
of myeloid cell responses. We further questioned how IBD-associated JAKZ variants
modulate myeloid cell responses, including during pharmacological JAK inhibition.

In this study, we establish that cooperation between autocrine/paracrine 1L-10, IL-4, IL-22
and TSLP is a mechanism through which the JAK pathway contributes to downregulating
inflammatory outcomes in human myeloid cells upon microbial exposure. We further
determine that inhibiting the JAK pathway in intestinal myeloid-derived cells during live
bacterial exposure increases pro-inflammatory cytokines. We define that the JAK21BD
disease-risk genotype leads to increased JAK2 expression and increased inflammatory
responses from myeloid cells. Furthermore, we identify that the JAK signaling threshold is
ultimately a critical determinant of the balance between pro-inflammatory and anti-
inflammatory cytokines, thereby leading to distinct outcomes when utilizing
pharmacological JAK inhibitors in the context of JAKZ IBD risk genotypes. These threshold
effects also highlight that the advantage conferred with partial downmodulation in
expression/activity of a gene in the context of a protective disease variant may not be
reproduced if that same gene is completely inhibited for therapeutic purposes.

Materials and Methods

Patient recruitment and genotyping

Informed consent was obtained per protocol approved by the institutional review board at
Yale University. We recruited healthy controls and ulcerative colitis patients (Supplementary
Figure 1A). We genotyped JAKZ and NODZ2 polymorphisms by TagMan (Applied
Biosystems, Foster City, CA) or Sequenom platform (Sequenom Inc., San Diego, CA). We
confirmed that our cohort did not contain any Leu1007insC, R702W, or G908R NOD2
homozygote carriers.

Myeloid cell culture

Monocytes were purified from human peripheral blood mononuclear cells and cultured for 7
days with M-CSF (10ng/ml) (Shenandoah Technology, Warwick, PA) as in(7). Myeloid cells
(CD11c purity >75%) were isolated as in(7) from colonic resection specimens from
uninvolved intestine in 11 non-IBD patients undergoing surgery for diverticular disease or
colon cancer.
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Myeloid cell stimulation

Monocyte-derived macrophages (MDMs) were cultured with muramyl dipeptide (MDP)
(Bachem, Torrance, CA), recombinant IL-10, IL-4, IL-22 (R&D Systems) or TSLP
(Peprotech). For inhibitor and neutralizing antibody treatments, cells were incubated with
JAK inhibitor | (total JAK inhibitor), SD-1029 (JAK2 inhibitor) (Calbiochem, La Jolla, CA),
tofacitinib (manufactured by Pfizer, NY, NY), neutralizing anti-IL-10 (5 pg/ml), anti-I1L-4 (1
pg/ml; BD Biosciences, San Jose, CA), anti-1L-22 (1.25 ug/ml; Peprotech) or anti-TSLP
(0.25 pg/ml; R&D Systems) antibodies 1h prior to treatment. Supernatants were assayed for
IL-10 (BD Biosciences), or IL-1p, IL-4, IL-6, IL-8, IL-12, IL-1ra (eBioscience, San Diego,
CA), IL-22 (Peprotech) or TSLP (R&D Systems) by ELISA.

Transfection of small interfering RNAs

100nM scrambled or ON-TARGETplus SMARTpool small interfering RNA (siRNA) siRNA
against JAK1, JAK2, JAK3, TYK2, IL10RA, IL4RA, IL22RA1 or CRLF2 (GE Dharmacon,
Lafayette, CO) were transfected into MDMSs for 48h (unless otherwise indicated) using
Amaxa nucleofector technology (Amaxa, San Diego, CA).

Protein detection

Intracellular proteins were detected in permeabilized cells by flow cytometry with Alexa
Fluor 647-, phycoerythrin- or Alexa Fluor 488-labeled antibodies to phospho-JAK1,
phospho-JAK2, phospho-JAK3, phospho-TYK2, phospho-ERK, phospho-p38, phospho-
JNK and phospho-IxBa. (Cell Signaling Technology, Danvers, MA).

MRNA expression

Following stimulation, RNA was isolated, reverse transcribed and gPCR performed as in(7).
Samples were normalized to GAPDH. Primers sequences are available upon request.

Statistical analysis

Mean+SEM was calculated. Significance was assessed using a two-tailed Student’s t-test.
p<0.05 was considered significant. To maintain a consistent picogram/milliliter scale for
cytokine concentration measures, the higher IL-6 levels (nanogram per milliliter levels) are
shown with a multiplication factor. A line across multiple bars indicates same significance
for these bars.

Results

JAK pathway signaling regulates NOD2-induced cytokine secretion and tolerance in
multiple myeloid cell types

JAK inhibitors are in clinical trials for IBD(17). Although they suppress T cell-mediated
inflammation(21, 22), the outcomes in myeloid cells are more controversial. Some studies
indicate that JAK inhibition decreases proinflammatory outcomes on exposure to microbial
components (21, 23), whereas others show it increases proinflammatory outcomes under
these conditions (24, 25). Increased pro-inflammatory cytokines would likely not be
favorable when treating IBD patients given the continual exposure of intestinal myeloid cells
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to microbial products. We therefore examined how JAK protein reduction regulates pro- and
anti-inflammatory cytokines during acute and chronic PRR stimulation, as observed with
initial entry and prolonged monocyte residence in the intestinal lamina propria, respectively.
We effectively knocked down each JAK member (Supplementary Fig. 1B) in human MDMs
and ensured cell viability (Supplementary Fig. 1C). JAK knockdown did not decrease PRR
levels in MDMs (Supplementary Fig. 1D); such regulation has been reported in human
epithelial cells(26). Moreover, we established that NOD2 stimulation activates JAK1, JAK2,
JAK3 and TYK2 (Fig. 1A), and that knockdown of each JAK selectively reduced activation
of the targeted JAK (Fig. 1A). Knockdown of each JAK, alone or in combination, increased
pro-inflammatory (IL-6, IL-12), but decreased anti-inflammatory (IL-10, IL-1ra) cytokine
secretion following acute NOD?2 stimulation of MDMs and monocytes (Fig. 1B). As JAK
inhibition distinctly regulated pro- and anti-inflammatory cytokines, we next examined M1-
and M2-polarized macrophages. M1 macrophages secrete increased PRR-induced pro-
inflammatory cytokines, and M2 macrophages secrete increased anti-inflammatory
cytokines compared to non-polarized MDMs. We ensured proper differentiation of M1 and
M2 macrophages (Supplementary Fig. 1E) as per previously published human markers(27).
Knockdown of each JAK family member further increased the high levels of NOD2-induced
pro-inflammatory cytokines in M1 macrophages, and decreased the anti-inflammatory
cytokines in M2 macrophages (Supplementary Fig. 1F).

IL-10, which signals through the JAK pathway(16) and is in turn secreted following JAK
signaling(24), contributes to the anti-inflammatory phenotype observed in intestinal
macrophages(4, 5). Moreover, early autocrine IL-10 regulates the decreased cytokines
observed during NOD2-induced tolerance(28). We therefore hypothesized that JAKs would
be required for optimal NOD2-induced tolerance. We found this to be the case for each JAK
family member (Fig. 1C & D). Knockdown of all four JAK proteins further reversed the
decreased pro-inflammatory cytokine secretion under chronic conditions (Fig. 1D), such that
the pro-inflammatory cytokine levels increased from ~10% to ~60% relative to acute NOD2
stimulation. In contrast, and consistent with the requirement we observed for JAK family
members in anti-inflammatory cytokine secretion, anti-inflammatory cytokines further
decreased in these chronically MDP pre-treated cells (Fig. 1D). TLR2- and TLR4-induced
cytokine secretion was regulated by JAKSs similarly to that observed with NOD2
(Supplementary Fig. 2). Taken together, dramatically decreasing the expression of JAK
family members reciprocally regulates pro-and anti-inflammatory cytokines; pro-
inflammatory cytokines are increased and anti-inflammatory cytokines are decreased
following both acute and chronic PRR stimulation in multiple primary human myeloid cell

types.

NOD2-induced autocrine inhibitory mediators that signal through the JAK pathway
regulate NOD2-induced pro-inflammatory cytokines

We next sought to define mechanisms for the JAK-dependence in NOD2-induced anti-
inflammatory cytokines and NOD2-mediated tolerance. PRR-stimulated MDMs secrete
autocrine/paracrine IL-10 which signals through the JAK pathway(16). Autocrine IL-10
decreases PRR-induced pro-inflammatory cytokine secretion(24) and induces NOD2-
mediated tolerance(28). We hypothesized that additional autocrine/paracrine inhibitory
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mediators that signal through JAKs would be required for these outcomes. We first examined
type | IFNs which signal through JAKSs and can decrease PRR-induced cytokine
secretion(16). JAK signaling was required for NOD2-induced IFN-a in MDMs and pDCs,
and IFN-a was also decreased following chronic NOD2 stimulation (Supplementary Fig. 3A
& B). IFN- secretion was similarly regulated in pDCs (Supplementary Fig. 3B), but was
not secreted in MDMs (data not shown). However, effective knockdown of IFNAR, required
for both IFN-a and IFN-B signaling, neither altered acute nor chronic NOD2-induced
cytokine secretion (Supplementary Fig. 3C & D), indicating that autocrine/paracrine type |
IFN signaling in and of itself was not required to regulate cytokine secretion during acute or
chronic NOD?2 stimulation in MDMs.

We next examined additional putative inhibitory cytokines that signal through JAKs(29),
with a focus on their role in MDMs. We did not detect IL-3, IL-9, IL-11, IL-13, epidermal
growth factor (EGF) and platelet-derived growth factor (PDGF) transcripts (data not shown),
and did not observe a significant increase in 1L-29, IL-30 or leptin mMRNA upon NOD2
stimulation (Fig. 2A). However, NOD2 stimulation induced IL-10, IL-4, IL-22, IL-27, EBI3
and TSLP transcripts (Fig. 2A). We therefore knocked down the receptor for each of these
regulated cytokines (Supplementary Fig. 3E) and ensured that the cells were viable (data not
shown). Autocrine IL-10 and IL-4 signaling most strongly contributed to the reciprocal
regulation of acute NOD2-induced pro- and anti-inflammatory cytokine secretion as well as
to NOD2-induced tolerance (Fig. 2B). IL-22 and TSLP signaling also regulated these
outcomes (Fig. 2B). However, neither IL-27 nor EBI3 signaling contributed to acute or
chronic NOD2-induced outcomes (data not shown). Importantly, combined IL-10, IL-4,
IL-22 and TSLP receptor knockdown even more dramatically increased acute NOD2-
induced pro-inflammatory and decreased anti-inflammatory cytokine secretion and impaired
NOD2-mediated tolerance (Fig. 2B). This indicates cooperation between these factors in
MDMs (Fig. 2B) and monocytes (data not shown). We confirmed the importance of these
autocrine cytokines through an additional independent approach using neutralizing IL-10,
IL-4, IL-22 and TSLP Abs (Fig. 2C). We ensured that in addition to I1L-10 (Fig 1B),
secretion of the inhibitory proteins IL-4, IL-22 and TSLP was observed following acute
NOD?2 stimulation, but was decreased following chronic stimulation (Fig. 2D). Consistent
with the decreased IL-10 and IL-1ra secretion with JAK pathway inhibition, JAK
knockdown led to a significant decrease of IL-4, IL-22 and TSLP secretion upon both acute
and chronic NOD2 stimulation (Fig. 2D). We next questioned how these autocrine/paracrine
cytokines regulate NOD2-induced JAK pathway activation in human MDMs. Combined
IL-10, IL-4, IL-22 and TSLP receptor knockdown significantly decreased acute NOD2-
induced activation of each JAK member (Fig. 2E). With chronic NOD2 stimulation,
activation of each JAK member was decreased relative to that observed with acute NOD2
stimulation (Fig. 2E), although activation was still increased relative to untreated MDMs.
Combined IL-10, IL-4, IL-22 and TSLP receptor knockdown further decreased JAK2, JAK3
and TYK2 signaling (Fig. 2E), indicating that these anti-inflammatory cytokines contribute
to residual JAK signaling even following chronic NOD2 stimulation. Therefore, upon PRR
stimulation, JAKSs are both activated in response to the inhibitory autocrine/paracrine
cytokines IL-10, IL-4, IL-22 and TSLP (Fig. 2E) and are required for their optimal secretion
(Fig. 2D) in a feedforward manner. These cytokines, in turn, cooperate to downregulate
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proinflammatory and upregulate anti-inflammatory cytokine secretion in myeloid cells
following acute NOD2 stimulation, and to the overall downregulation of cytokines observed
with NOD2-induced tolerance.

IL-10, IL-4, IL-22 and TSLP reciprocally regulate acute NOD2-induced pro- and anti-
inflammatory cytokines and are sufficient for cytokine downregulation under chronic
treatment conditions

We next questioned if IL-10, IL-4, IL-22 and TSLP treatment is sufficient to reciprocally
regulate pro- and anti-inflammatory cytokines during acute NOD2 stimulation, and to induce
cytokine downregulation with chronic treatment of MDMs. IL-10 or IL-4 treatment partially
decreased pro-inflammatory cytokines during acute NOD2 stimulation, whereas 1L-22 or
TSLP treatment effects were less pronounced (Fig. 3A). However, combined IL-4, IL-22 and
TSLP treatment, and particularly combined IL-10, IL-4, IL-22 and TSLP treatment,
cooperated to suppress acute NOD2-mediated pro-inflammatory and enhance anti-
inflammatory cytokine secretion (Fig. 3A). We previously found that autocrine 1L-10 is
required for the optimal decrease in cytokines following chronic NOD2 stimulation(28). In
this study, we found that chronic 1L-10 treatment was also sufficient to decrease subsequent
NOD2-induced cytokine secretion (Fig 3B). Although chronic IL-22 or TSLP treatment was
not sufficient to significantly decrease cytokine secretion following NOD2 restimulation,
treatment with 1L-4, combined IL-4, IL-22 and TSLP, and particularly combined IL-10,
IL-4, IL-22 or TSLP (Fig. 3B), decreased cytokines to levels similar to those observed after
chronic NOD2 stimulation (Fig. 1). Taken together, combined IL-10, IL-4, IL-22 and TSLP
are both necessary and sufficient for the reciprocal pro-inflammatory and anti-inflammatory
cytokine regulation during acute NOD?2 stimulation and for the cytokine decrease during
NOD2-induced tolerance.

JAK signaling is required for decreased pro-inflammatory cytokine secretion in human
intestinal myeloid cells

An increase in pro-inflammatory cytokines from myeloid intestinal cells during JAK-
inhibitor therapy for IBD may confound the intended beneficial outcomes from other cell
subsets. We therefore next questioned if the JAK pathway regulated human intestinal
myeloid cell responses to microbes. Compared to peripheral MDMs, PRR ligand-treated
intestinal macrophages secrete significantly lower levels of cytokines(4, 7), but can secrete
cytokines following S. typhimurium exposure(30, 31). To investigate JAK signaling in
intestinal myeloid cells we used three approaches; we targeted JAK2 with SD-1029,
inhibited JAK1, JAK2 and JAK3 with JAK inhibitor I, and used tofacitinib, which inhibits
multiple JAK members and is in therapeutic trials for IBD. The inhibitors have been
commonly used in other studies (32, 33). We used tofacitinib doses that were within range
observed in the plasma of subjects treated with this inhibitor(34, 35). Following JAK
inhibition, S. typhimurium-infected intestinal myeloid cells secreted increased pro-
inflammatory IL-1p and IL-8 levels in a JAK inhibitor dose-dependent manner; a similar
increase was observed in peripheral MDMs (Supplementary Fig. 3F). Taken together, JAK
inhibitors increase pro-inflammatory cytokine secretion in human peripheral and intestinal
myeloid cells following live pathogenic bacterial exposure.
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MDMs from rs10758669 C disease-risk carriers in the JAK2 region demonstrate increased
JAK2 expression and increased NOD2-induced JAK2 phosphorylation and cytokine

secretion

We next sought to define how the IBD-associated rs10758669 polymorphism(3), located in
an intergenic region 3kb from JAKZ, regulates JAK2 expression and cytokine secretion in
human MDMs. Rs10758669 CC risk-carrier MDMs demonstrated increased JAK2 mRNA
(Fig. 5A) and protein (Fig. 5B) expression compared to AA carrier MDMs. In contrast,
MRNA expression of other genes in the region was not detected (/NSL6, INSL4, RLNZ,
RLNI1, PLGRKT) (data not shown) or was not modulated by rs10758669 genotype
(CDC37L1, AK3, RCL1, CD274) (Supplementary Fig. 4A). Consistent with the increased
JAK?2 expression, NOD2-induced JAK2 phosphorylation was increased in rs10758669 CC
carrier MDMs (Fig. 5C). Rs10758669 CA carriers showed an intermediate phenotype (Fig.
5A-C).

We next questioned how JAK?2 genotype regulates cytokines following acute NOD2
stimulation. These acute stimulation conditions simulate myeloid cell entry into the
intestinal lamina propria under homeostasis; this entry dramatically increases during acute
intestinal injury and inflammation(5, 9, 10). Rs10758669 CC risk allele-carrier MDMs
demonstrated increased pro-inflammatory and anti-inflammatory cytokine secretion relative
to AA carriers (Fig 5D). Taken together, rs10758669 CC IBD-risk carrier MDMs in the
JAKZregion demonstrate increased JAK?2 expression and PRR-induced JAK2 activation and
cytokine secretion.

The threshold of JAK2 signaling determines if NOD2-induced pro-inflammatory cytokines
are increased or decreased

The decreased secretion of both pro- and anti-inflammatory cytokines following acute
NOD?2 stimulation by the lower JAK2-expressing rs10758669 AA carrier MDMs (Fig. 5D)
was surprising given that JAK2 knockdown resulted in increased pro-inflammatory
cytokines (Fig. 1). We hypothesized that these differences may reflect distinct outcomes
based on the threshold of JAK2 expression and signaling. As such, if JAK2 expression or
signaling falls below a particular threshold, NOD2-induced pro-inflammatory cytokines
would now increase due to greatly reduced anti-inflammatory cytokines. A partial JAK2
expression decrease as is observed in rs10758669 AA carriers could then modulate
cytokines differently relative to the more dramatic reduction in JAK2 expression under the
knockdown conditions assessed above. To address this hypothesis, we progressively
decreased JAK2 expression in high JAK2-expressing rs10758669 CC MDMs through dose-
dependent siRNA targeting (Fig. 6A). With mild JAK2 expression reduction, levels of
NOD2-induced pro-inflammatory cytokines progressively decreased (Fig. 6B). However,
once JAK2 expression decreased to less than ~30% of the levels observed in CC carrier
MDMs, NOD2-induced pro-inflammatory cytokines stopped decreasing, and began to
increase (Fig. 6B). In contrast, anti-inflammatory cytokine secretion progressively decreased
through the full range of JAK2 expression reduction (Fig. 6B). Furthermore, side-by-side
JAK?2 expression knock-down in rs10758669 CC carrier MDMs to the levels observed in
AA carrier cells (Fig. 6A) resulted in comparable cytokine secretion between the two
genotypes (Fig. 6C). This highlights that at the levels of reduced JAK2 expression in
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rs10758669 AA non-risk carrier MDMs, JAK2 expression is above the threshold of
reciprocal regulation of pro- and anti-inflammatory cytokines, such that PRR-induced pro-
inflammatory and anti-inflammatory cytokines are both decreased. Taken together, with
acute NOD2 stimulation, once JAK2 expression or signaling decreases below a threshold,
proinflammatory cytokine secretion progressively increases.

Given that the threshold of JAK2 expression determines how pro-inflammatory cytokine
secretion is regulated, we questioned how JAK inhibition affects cytokine regulation in the
context of rs10758669 genotype. Such genotype:inhibitor dose interactions may have
implications for JAK inhibitor therapy. At low levels of JAK2 (Fig. 6D) and JAK
(tofacitinib, Supplementary Fig. 4B) inhibition, rs10758669 CC carrier MDMs demonstrated
decreased NOD2-induced pro-inflammatory cytokines. However, with more potent JAK2
and JAK inhibition NOD2-induced pro-inflammatory cytokines increased. In contrast, anti-
inflammatory cytokine secretion decreased progressively with increasing JAK inhibition
(Fig. 6D and Supplementary Fig. 4B). Interestingly, at the lower 0.1 uM JAK2 inhibitor
(SD-1029) or tofacitinib dose, NOD2-induced cytokine trends in rs10758669 CC and AA
carrier MDMs were reversed. AA carriers expressed higher pro-inflammatory cytokines
relative to CC carrier MDMs at that same inhibitor dose (Fig. 6D and Supplementary Fig.
4B), and relative to non-JAK2 inhibitor treated AA MDMSs, whereas pro-inflammatory
cytokines from CC MDMs were still decreased relative to non-JAK2 inhibitor treated cells.
Therefore, the lower JAK2-expressing rs10758669 AA MDMs switch from a decrease to an
increase in PRR-induced pro-inflammatory cytokines at a lower dose of JAK
pharmacological inhibitor treatment than do rs10758669 CC MDMs. Taken together, pro-
inflammatory cytokine regulation depends on the level of JAK2 expression and JAK
signaling during acute NOD?2 stimulation, and JAK inhibition leads to a ‘switch’ from
decreased to increased inflammatory cytokines at lower inhibitor doses in the lower JAK2-
expressing rs10758669 AA MDMs.

MDMS from rs10758669 CC disease risk carrier ulcerative colitis risk patients demonstrate
increased JAK?2 expression, and increased NOD2-induced JAK2 phosphorylation and
cytokine secretion relative to A allele carriers

Paralleling outcomes in healthy control MDMs, rs10758669 CC disease risk carrier cells
from ulcerative colitis patients (Supplementary Figure 1A) showed increased JAK2 RNA
and protein expression, and increased acute NOD2-induced JAK2 phosphorylation and
secretion of both pro- and anti-inflammatory cytokines relative to A carrier MDMs (Fig.
7A-D). MDMs from rs10758669 AA disease carriers similarly required a lower JAK2
inhibitor and tofacitinib dose to switch from decreased to increased NOD2-induced pro-
inflammatory cytokines than did C carrier MDMs (Fig. 7E & F). Therefore, PRR-induced
pro-inflammatory cytokine secretion in MDMs is regulated in a JAKZ2 genotype-dependent
manner in both healthy controls and ulcerative colitis patients.

Discussion

In this study we define that the threshold of JAK pathway signaling determines whether
PRR-induced pro- and anti-inflammatory cytokines are similarly or reciprocally regulated in
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human myeloid-derived cells. We also elucidate mechanisms of JAK-mediated cytokine
secretion, and determine consequences of the JAKZregion rs10758669 IBD-risk variant
(Supplementary Fig. 4C). Near complete JAK pathway inhibition increases pro-
inflammatory and decreases anti-inflammatory cytokines in myeloid cells upon both acute
and chronic microbial product exposure (both phases relevant in intestinal tissues), and in
intestinal myeloid cells on live pathogenic bacterial exposure. These effects on innate cells
may be counteracting other beneficial outcomes when administering JAK inhibitors for IBD
therapy. As such, in myelofibrosis patients treated with JAK inhibitors, both diarrhea and
systemic inflammatory responses are observed(36). Therefore, whereas JAK inhibition may
downregulate T cell-mediated inflammation(16), it can upregulate myeloid cell-mediated
inflammatory outcomes under intestinally-relevant conditions per our studies, and impair
epithelial cell restitution in experimental colitis models(37). Taken together, JAK inhibition
effects in non-T cell subsets may ultimately prevent optimal responses during IBD therapy.
Minimizing potentially unfavorable effects of JAK inhibitors on myeloid cells through cell-
specific targeting of JAK inhibitors to T cells may improve IBD therapy outcomes.

Our findings may also provide insight into the contrasting results between ulcerative colitis
and Crohn’s disease patients in the JAK inhibitor trials. The lack of efficacy in Crohn’s
disease patients in Phase Il trials with the broad JAK inhibitor tofacitinib may be due to the
significant role that innate immune pathways play in Crohn’s disease pathogenesis.
Interestingly, a recent Phase 1l trial with a selective JAK1 inhibitor has yielded more
promising results in Crohn’s disease patients(38). In fact, we observe considerable
redundancy in PRR-induced cytokine regulation in macrophages with knockdown of each of
the individual JAK family members. One possibility for this redundancy is that the PRR-
induced autocrine inhibitory cytokines signal through multiple JAK family members. For
example, 1L-10 signals through JAK1, JAK2 and TYKZ2, and IL-4 through JAK1 and
JAK3(29). Therefore, autocrine inhibitory cytokine outcomes are affected by knock down of
each JAK protein. However, we observe the most dramatic effects on PRR-induced cytokine
secretion when JAKSs are knocked down in combination. Therefore, it is possible that
inhibition of multiple JAKs with tofacitinib might more easily reach the threshold of JAK
signaling required to switch the direction of pro-inflammatory cytokine secretion from
decreased to increased relative to the inhibition of a single JAK family member, such as
JAK1. As such, in addition, to minimizing the effects of JAK inhibitors on myeloid cells
through cell-specific targeting of JAK inhibitors to T cells, selective JAK family member
targeting and/or modulating JAK inhibitor doses may improve IBD therapy outcomes, in
particular in Crohn’s disease patients.

In contrast to anti-inflammatory cytokines, the direction of pro-inflammatory cytokine
secretion depends on the threshold of JAK signaling. Mildly decreased JAK2 expression
and/or signaling decreases both pro- and anti-inflammatory cytokines in PRR-stimulated
MDMs (Fig. 6D, 7D), whereas a more pronounced JAK signaling reduction leads to a
progressive decrease in the anti-inflammatory cytokine feedforward loop and an increase in
pro-inflammatory cytokines. To our knowledge, this study is the first to define that the
threshold of JAK signaling determines whether pro- and anti-inflammatory cytokines are
uniformly or reciprocally regulated, and likely clarifies previous conflicting reports in
myeloid cells(21, 23-25). With identification of disease-associated alleles that modulate
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gene expression, it will be critical to define how the threshold of expression/activity of the
implicated genetic pathway regulates downstream outcomes. Whereas partial expression/
activity down-modulation might decrease disease susceptibility, complete inhibition of the
same pathway for therapeutic purposes may result in adverse outcomes. As the IBD-risk
rs10758669 genotype that regulates JAK2 expression modulates the threshold of sensitivity
to inhibition of JAKSs by tofacitinib (Fig. 6&7 and Supplementary Fig. 4B), JAK inhibitor
dose-mediated regulation of in vivo outcomes during IBD therapy in the context of JAKZ
genotype will be of interest in future studies. Examples of personalized drug dosing include
thiopurine in IBD patients per TMPT genotype, methotrexate in bone marrow transplant
patients per MTHFR genotype (39), and warfarin in patients requiring anti-coagulation per
CYP2C9 genotype(40).

We find that JAK signaling is required for both the responses to and the autocrine/paracrine
secretion of 1L-10, IL-4, IL-22 and TSLP(16), thereby invoking a feedforward loop. These
autocrine cytokines cooperate for optimal outcomes (Figs. 2,3). IL-22 has been associated
with epithelial cell proliferation and anti-microbial protein induction(41), but has not been
well-defined in mediating myeloid cell outcomes. TSLP mediates dendritic cell maturation
and T cell outcomes, but its effects on monocytes and macrophages are not well-
established(42). We now confirm that IL-22 and TSLP mediate JAK activation and define
that they downregulate pro-inflammatory and upregulate anti-inflammatory cytokine
secretion in myeloid cells. The JAK inhibition- and/or knockdown-mediated pro-
inflammatory cytokine increase is likely a combination of defective suppression by anti-
inflammatory mediators and of JAK-independent signaling mechanisms that induce pro-
inflammatory cytokines. Consistently, JAK inhibition less effectively decreased PRR-
induced pro-inflammatory cytokines in IL-107~ compared to wild-type mouse BMDMs(24).

We identify mechanisms wherein JAK pathway signaling distinctly regulates pro- and anti-
inflammatory cytokine secretion in multiple myeloid cell types upon intestinal-pertinent
acute and chronic PRR stimulation conditions, establish that the JAK signaling threshold and
IBD-risk JAKZ variant regulate these outcomes, and integrate JAKZ genotype with
therapeutically utilized doses of JAK inhibitors (in ongoing IBD clinical trials) for effects on
these outcomes. The JAK inhibitor dose effects on intestinal-relevant myeloid cell responses
highlights considerations with respect to dosing, including in the context of JAKZ genotype,
to JAK member-selective targeting, and to cell subset-specific targeting when using JAK
inhibitors for therapy of immune-mediated diseases.
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Figure 1. JAK expression knockdown increases pro-inflammatory while decreasing anti-
inflammatory cytokines following both acute and chronic NOD2 stimulation

(A) MDMs (n=4 donors) were transfected with the indicated siRNA and then treated with
100pg/ml MDP (NOD2 ligand) for 15min. Representative flow cytometry with MFI values
and summary graphs with fold phospho-protein induction compared with untreated,
scrambled siRNA-transfected cells. (B,D) MDMs (n=4 donors, top) or monocytes (n=4
donors, bottom) were transfected with the indicated siRNA, alone or in combination, for 24h
and left untreated (acute) or pre-treated with 100pug/ml MDP (chronic) for 48h. Cells were

J Immunol. Author manuscript; available in PMC 2017 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Hedl et al.

Page 16

then treated with 100pg/ml MDP for 24h. Cytokine secretion+SEM. Significance is
compared to scrambled siRNA-transfected, acute MDP-treated cells (B, acute), or to
scrambled siRNA-transfected, MDP-pre-treated and MDP-retreated cells (D, chronic), or as
indicated. Similar results were seen for an additional n=8. (C) Timeline schematic for JAK
knockdown, MDP pretreatment and subsequent acute MDP treatment. Bonferroni-Holm
correction was used for multiple comparisons. **, p<0.01; ***, p<0.001; T, p<1x10~%; 11,
p<1x107°. scr, scrambled; Tx, treatment.
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Figure 2. Autocrine IL-10, IL-4, IL-22 and TSLP decrease NOD2-induced pro-inflammatory
cytokine secretion and increase JAK pathway signaling

(A) MDMs (n=12 donors, similar results were seen for an additional n=12) were treated
with 100ug/ml MDP for 4h. Fold mRNA expression compared to untreated cells
(represented by the dotted line at 1). (B) MDMs were transfected with scrambled or
IL-10RA (to block autocrine IL-10), IL-4RA (to block autocrine IL-4), IL-22RA1 (to block
autocrine 1L-22), or CRLF2 (to block autocrine TSLP) siRNA, alone or in combination, for
24h and left untreated (acute, n=8) or pre-treated with 100ug/ml MDP for 48h (chronic,
n=8). Cells were then treated with 100ug/ml MDP for 24h. Cytokine secretion+SEM.
Significance is compared to scrambled siRNA-transfected, acute MDP-treated cells (/efz,
acute), or scrambled siRNA-transfected, MDP-pre-treated and acute MDP-treated cells
(right, chronic). (C) MDMs were left untreated or treated with neutralizing anti-1L-10, anti-
IL-4, anti-IL-22 or anti-TSLP antibodies, alone or in combination, for 1h and left untreated
(acute, n=8) or pre-treated with 100ug/ml MDP for 48h (chronic, n=8). Cells were then
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treated with 100pug/ml MDP for 24h. Cytokine secretion+SEM. Significance is compared to
acute MDP-treated cells with no neutralizing antibody treatment (/eft, acute), or MDP-pre-
treated and acute MDP-treated cells with no neutralizing antibody treatment (right, chronic).
Similar results were observed in an additional n=16 (B) or n=12 (C). (D) MDMs (n=4
donors) were transfected with JAK1, JAK2, JAK3 and TYK2 siRNA in combination for 24h
and left untreated or pre-treated with 100ug/ml MDP. Cells were then treated with 100ug/ml
MDP for 24h. Cytokine secretion+SEM. Significance is compared to scrambled siRNA-
transfected, acute MDP-treated cells or as indicated. (E) MDMs (n=8 donors, similar results
were seen in an additional n=8) were transfected with IL-10RA, IL-4RA, IL-22RA1 and
CRLF2 siRNA in combination (inhibitory receptors; ‘inhib RTRs’) for 24h and left
untreated (acute) or pre-treated with 100ug/ml MDP for 48h (chronic). Cells were then
treated with 100ug/ml MDP for 15min and assessed for phospho-protein induction by flow
cytometry. Summarized phospho-JAK induction. (B,E) Bonferroni-Holm correction was
used for multiple comparisons. *, p<0.05; **, p<0.01; *** p<0.001; t, p<1x107%; tt,
p<1x107°. scr, scrambled; Tx, treatment.
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Figure 3. IL-10, IL-4, IL-22 and TSLP reciprocally regulate acute NOD2-induced pro- and anti-
inflammatory cytokines and decrease cytokine secretion under chronic treatment conditions

(A) MDMs (n=12 donors, similar results seen in an additional n=8) were treated with
100pg/ml MDP+10ng/ml IL-10, IL-4, IL-22 or TSLP alone or in combination for 24h. (B)
MDMs (n=4 donors) were pre-treated with 10ng/ml IL-10, IL-4, IL-22 or TSLP alone or in
combination for 48h. Cells were then treated with 100 pg/ml MDP for 24 h. Cytokine
secretion+SEM. Significance is compared to acute MDP-treated cells. Bonferroni-Holm
correction was used for multiple comparisons. *, p<0.05; **, p<0.01; ***, p<0.001; t,
p<1x1074; 11, p<1x10~>. ND, not determined due to addition of same recombinant cytokine;
Tx, treatment.

J Immunol. Author manuscript; available in PMC 2017 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hedl et al. Page 20

E 160 TTL 160 Al e
D 120]  wxsf7] [ 120]  #| |7 120
~—" *
= 80 80 80
2 40 I 40 I 40 I
0 0 0
= v o ol ote
= 160 17 160 T 160 -
’—g 120 120 120
> i go] = 80
g 80
o 40 40 I 40
40 0 0
Tx (24 h) - —=S.typh— - —S.typh— - — S.typh—
JAK2 inh (uM) 0.1110
JAK inh (uM) 0.11 10
tofacitinib (M) 0.1110

Figure 4. JAK inhibition induces pro-inflammatory cytokine secretion in S. typhimurium treated
human intestinal myeloid cells

Human intestinal myeloid cells were preincubated with the indicated doses of SD-1029
(JAK2 inhibitor) (n=6 donors), JAK inhibitor I (JAK1, JAK2 and JAK3 inhibitor) (n=6
donors), or tofacitinib (n=5 donors) and then co-cultured with S. typhimurium (S. typh) at
MOI 10:1 for 24h. Cytokine secretion+SEM. *, p<0.05; **, p<0.01; ***, p<0.001; t,
p<1x1074; t1, p<1x107>. inh, inhibitor; Tx, treatment.
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Figure 5. MDM s from healthy control rs10758669 CC risk carriers express increased JAK2 and
show increased NOD2-induced JAK2 activation and cytokines relative to AA carriers

MDMs from rs10758669 CC, CA or AA healthy control carriers were assessed as follows:
(A) JAK2 mRNA expression (change in CT values normalized to GAPDH and represented
as a linear scale) (n=15 donors/genotype, similar results were seen in n=10/genotype). (B)
Representative and summarized flow cytometry data for JAK2 protein expression (n=10
donors/genotype). (C) Cells were treated with 200ug/ml MDP for 15min. Representative
and summarized flow cytometry data for fold phospho-JAK2 induction normalized to
untreated cells (n=10 donors/genotype). (D) Cells were treated with 100ug/ml MDP for 24h.
Cytokine secretion+SEM (n=15 donors/genotype, similar results were seen in n=8/
genotype). Bonferroni-Holm correction was used for multiple comparisons. *, p<0.05; **,
p<0.01; *** p<0.001; T, p<1x1074; t1, p<1x107°. Tx, treatment.
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Figure 6. As the strength of JAK expression and signaling decreases below a threshold, pro-
inflammatory cytokine secretion increases rather than decreases upon acute NOD2 stimulation

(A-B) MDMs from healthy control rs10758669 carriers were transfected with JAK2 siRNA
at the indicated concentrations. (A) Summarized flow cytometry data for JAK2 protein
expression (n=8 donors/genotype). (B) Transfected cells were treated with 100ug/ml MDP
for 24h. Cytokine secretion+SEM (n=8 donors, similar results were seen in an additional
n=8). (C) MDMs from healthy control rs10758669 CC carriers or AA carriers (n=15/
genotype, similar results were seen in n=6/genotype) were transfected with 25nM scrambled
or JAK2 siRNA. Cells were then treated with 100pg/ml MDP for 24h. Cytokine secretion
+SEM. Bonferroni-Holm correction was used for multiple comparisons. (D) MDMs from
healthy control rs10758669 carriers (=8 donors/genotype) were pre-incubated with
SD-1029 (JAK2 specific inhibitor) at the indicated doses and then treated with 100ug/ml
MDP for 24h. Cytokine secretion+SEM. Significance is compared to scrambled siRNA-
transfected, untreated (A) or MDP-treated (B) CC carrier MDMs, or MDP-treated cells of
the same genotype in the absence of inhibitor (D) or as indicated. *, p<0.05; **, p<0.01;
**% 0<0.001; T, p<1x10~4; 1, p<1x107°. inh, inhibitor; scr, scrambled; Tx, treatment.
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Figure 7. MDMs from ulcerative colitis rs10758669 CC risk carriers express increased JAK2,
show increased NOD2-induced JAK2 activation and cytokines, and required higher JAK2

inhibitor and tofacitinib doses to increase PRR-induced pro-inflammatory cyto
AA carriers

kines relative to

MDMs from rs10758669 CC, CA or AA ulcerative colitis carriers were assessed as follows:
(A) JAK2 mRNA expression (change in CT values normalized to GAPDH and represented

as a linear scale) (n=8 donors/genotype). (B) Summarized flow cytometry d

ata for JAK2

protein expression (n=7 donors/genotype). (C) Cells were treated with 100ug/ml MDP for
15min. Summarized flow cytometry data for fold phospho-JAK2 induction normalized to
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untreated cells (n=7 donors/genotype). (D) Cells were treated with 100ug/ml MDP for 24h.
Cytokine secretion+SEM (n=8 donors/genotype). (E-F) Cells were pre-incubated with
SD-1029 (JAK2 specific inhibitor) (E) or tofacitinib (F) at the indicated doses and then
treated with 100ug/ml MDP for 24h. Cytokine secretion+SEM. Significance is compared to
MDP-treated cells of the same genotype (in the absence of inhibitors) or as indicated. *,
p<0.05; **, p<0.01; *** p<0.001; T, p<1x10~4; 11, p<1x107>. inh, inhibitor; Tofa,
tofacitinib; Tx, treatment.
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