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ABSTRACT: Janus kinase (JAK) inhibitors act at low doses (e.g., o i
tofacitinib, 0.2—0.4 ymol/kg bid) in clinical use, suggesting an inhibitor ' [
efficient underlying mode of action. We hypothesized that their
effectiveness is due to their ability to raise the ratio of IL-10 to
TNFa. Unlike other JAK isoforms, JAK3 is expressed mainly in

hematopoietic cells and is essential for immune function. We used
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JAK3 selective inhibitors with preferential distribution to immune nfi ‘ NV Ny o
cells. Inhibition of JAK3 in human leukocytes reduced TNFa and s’{inﬂmu'“sa(gg_ ) pan-JAK A o
IL-6 but maintained levels of IL-10, while pan-JAK inhibitors e Time (min)

increased TNFe, IL-6, and IL-10. JAK1 is required for IL-10

receptor signaling, which suggests that, at exposure above the IC, (55 nM for tofacitinib on JAK1), there is less feedback control of
TNEFa levels. This leads to self-limiting effects of JAK1 inhibitors and could place an upper limit on appropriate doses. In vivo,
treating mice with JAK3 inhibitors before LPS administration decreased plasma TNFa and increased IL-10 above vehicle levels,
suggesting that JAK3 inhibition may limit TNFa release by increasing IL-10 while leaving the IL-10 receptor functional. This
mechanism should have general utility in controlling autoimmune diseases and can be conveniently observed by measuring the ratio
of IL-10 to TNFe. In summary, our targeted, “leukotropic” inhibitors more effectively increased IL-10/TNFq ratios than unselective
control compounds and could, therefore, be ideal for autoimmune therapy.
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he Janus kinase family consists of four isoforms: JAKI, inflammatory disorders. As JAK3 is mostly restricted to the

JAK2, JAK3, and TYK2. They catalyze the transfer of y- hematopoietic system, the expectation is that specific
phosphate from ATP to a substrate tyrosine residue but differ inhibition will cause fewer adverse effects compared to
in their associated type I/II cytokine receptors and their targeting one or several of the other isoforms. Considering
substrate peptides. After activation of transmembrane that JAK3 is co-localized with JAKI, some propose that
receptors by extracellular stimuli, JAKs bind, leading to inhibition of both isoforms may be necessary for more potent
transphosphorylation and formation of homodimers (only immunosuppression, which was the rationale for JAK1/3

JAK2) or heterodimers. Signal transducer and activator of 10,11

transcription (STAT) proteins associate with the JAK—
receptor complex and are then phosphorylated, causing their

to question the utility of this approach.
dimerization, translocation to the nucleus, and transcription of JAK3 binds to its associated receptors after their activation
-3

1
target genes. , _ , o by common y-chain cytokines (IL-2, IL-4, IL-7, IL-9, IL-15, IL-

Among the JAK isoforms, JAK3 is unusual in that it is found 21, Figure 1).”2 It is not involved in IL-10 signaling, so
almost exclusively in leukocytes, forming heterodimers with inhibition of JAK3 is not expected to interfere with IL-10

. . 4 . . .
JAKL upon activation.” It is constltuflvelylr exPressed at l?w function. IL-10 levels are implicated in gut immune tolerance,
levels but can be upregulated by certain stimuli, e.g., Toll-like C . ) o 13
. g 56 . where deficiencies in IL-10 are associated with colitis.
receptor (TLR) agonists or interferons.”® Dysfunctional,

increased JAK signaling can lead to autoimmune disease and -
leukemia.”® On the other hand, loss-of-function mutations in Received: March 2, 2023 Pharmaology

inhibitor development. However, the observation that
JAK1 is required for anti-inflammatory IL-10 signaling leads us

&Translational S¢
the JAK3 gene are a cause of severe combined immunodefi- Published: May 18, 2023 e
ciency disorder (SCID), leading to a phenotype of total
depletion of T- and NK cells and impaired B cell function.’
The localization in immune cells makes JAK3 a potential
drug target for treating autoimmune disorders and other
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Figure 1. JAKs associate as dimers or trimers with different cytokine or hormone receptors, depending on the isoform and the cell type they are
expressed in. This leads to a variety of downstream effects, many of which are related to the immune system.”'* JAK3 is exclusively found
associating with common y chain cytokine (IL-2, IL-4, IL-7, IL-9, IL-1S, IL-21) receptors (indicated in cyan, right).12 Created with BioRender.com.

Additionally, IL-10 is upregulated following excessive produc-
tion of TNFa as a means to attenuate immune stimulation.
Thus, IL-10 is considered to be an anti-inflammatory cytokine
and as such, not interfering with IL-10 signaling would be
essential in an anti-inflammatory therapy.

Among the JAK3 inhibitors employed in this study, several
are covalently linked to carrier molecules based on the
macrolide azithromycin (Figure 2). While mostly known for

Figure 2. Structure of the macrolide antibiotic azithromycin.

their use as antibiotics, macrolide drugs also possess
immunomodulating properties that help support the manage-
ment, attenuation, and resolution of inflammation.">'® The

basic, amphiphilic large scaffold also conveys a tendency to
accumulate in acidic compartments and greatly increases
uptake into tissues and immune cells.'”'® We used these
scaffolds for the targeted delivery of JAK3 inhibitors to
immune cells as a means to limit off-target effects."”™** In
combination with a target that is mostly located in immune
cells, this represents a potentially useful mechanism to increase
the potency of pharmacophores.

FM-381 (8, Figure 5) is a potent, selective inhibitor of JAK3
(JAK3 ICs = 12 + 1 nM).”>** We recently reported the
synthesis and characterization of a series of JAK3 inhibitors
based on its scaffold (Figures 3 and 4).2° 1—4 are structurally
related analogues of 8. Their inhibitory potencies for JAK3 are
within the same order of magnitude as 8 or slightly lower (see
Supporting Information, Table S1), while possessing different
pharmacokinetic profiles and in vivo stabilities.”®

3 and 4 (Figure 4) differ in that they are covalently linked to
a macrocyclic carrier based on an azithromycin scaffold.

Upadacitinib (5) is a selective inhibitor of JAKI. It
demonstrated efficacy in the treatment of rheumatoid arthritis,
psozréiatic arthritis, ankylosing spondylitis, and atopic dermati-
tis.

Ruxolitinib (6) is a selective inhibitor of JAK1 and JAK2. It
was the first JAK inhibitor to receive FDA approval and is used
for the treatment of proliferative disorders like polycythemia
vera and myelofibrosis.”” >’
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Figure 3. Structures and JAK3 inhibitory activity of the unconjugated JAK3 inhibitors 1 and 2.>* JAK family selectivity data have been obtained

(Supporting Information, Table S2).
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Figure 4. Structures of the azithromycin-derived JAK3 inhibitors 3 and 4.
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Figure 5. Structures of the control compounds used in this study and their selectivities within the JAK family.

Tofacitinib (7) is an orally available small-molecule JAK
inhibitor. While initially considered JAK3 selective, later
publications describe 6 to be a “pan-JAK” inhibitor, with
preference for JAK1 and JAK3 and moderate, but pharmaco-
logically relevant inhibition of JAK2 and TYK2.’*" It is used
in the treatment of ulcerative colitis, rheumatoid arthritis,
psoriatic arthritis, and ankylosing spondylitis.”***

In this study, we first evaluated the anti-inflammatory effects
of the aforementioned inhibitors of JAK3 in vitro in human
peripheral blood leukocytes. To this end, cells were stimulated
with bacterial lipopolysaccharides (LPS), which causes an
inflammatory reaction based on toll-like receptor 4 (TLR4)
signaling and the release of both pro- and anti-inflammatory
cytokines like TNFa and IL-10, respectively.’**> Innate
immune cells and TLR signaling play a substantial role in
several chronic autoimmune diseases like rheumatoid
arthritis.** ™" Their significance is supported by the clinical
success of anti-TNFa agents.” Three FDA-approved JAK
inhibitors (5—7) were included to compare the effects of
blocking signaling via the other JAK isoforms. We then used an
LPS-based in vivo peritonitis model with the same readout
(levels of TNFa, IL-6, and IL-10) to select the most potent
compounds for use in longer-term disease models.** LPS
peritonitis is a widely used reference model for general anti-
inflammatory effects.

The most effective JAK3 inhibitors in the LPS challenge
study were then assessed for their effects with i.v. treatment to
compare their in vivo potency independently of oral availability.
Again, 6—8 were included for comparison. Lastly, JAK3
inhibitor 4 was compared to 7 in a dose-response study to

894

elucidate the effects of low-dosed JAK inhibitors in vivo,
demonstrating efficacy even at low-dose ranges.

In this report, we demonstrate the in vitro and in vivo effects
of a selection of JAK3 and mixed JAK inhibitors on
inflammatory processes. These data demonstrate considerable
differences in cytokine profiles between the inhibitor types in
both cellular and a more complex murine in vivo setting,

B RESULTS

JAK3 Inhibitors Differentially Affect the Cytokine
Response of Human Peripheral Leukocytes In Vitro
Compared to JAK1 or Mixed JAK Inhibitors. First, we set
out to assess the general “cytokine profiles” resulting from the
inhibition of different JAKs in an inflammatory context. To
that end, human peripheral leukocytes harvested from buffy
coat were incubated with either 5 (selective for JAK1), 6
(JAK1/2), 7 (pan-JAK), or 8 (JAK3) and subjected to an LPS
stimulus. Generally, the patterns for JAKl or pan-JAK
inhibitors were similar, suggesting that the effects are mainly
a result of JAK1 inhibition. For cells treated with 5—7, a
concentration-dependent increase of TNFa release was
observed (up to 9-fold the levels of control cells). Dose
response was bell-shaped for some compounds, eg, 6. We
suspect this to be a consequence of either off-target inhibition
(given the high concentration) or by fully inhibiting JAK1
signalin% via the IL-10 receptor, preventing feedback control of
TNFa."" In contrast to the JAK1 inhibitors, the JAK3 selective
inhibitor 8 caused a potent dose-dependent reduction of
TNFa release, with 2.5 uM causing 85% reduction.

As with TNFa, IL-6 was also produced and/or released at
higher levels when cells were treated with 5—7 (up to 257 +

https://doi.org/10.1021/acsptsci.3c00043
ACS Pharmacol. Transl. Sci. 2023, 6, 892—906
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Figure 6. Effects of JAK inhibitors with different selectivity profiles on the cytokine release by human peripheral leukocytes. Cells were incubated
with various concentrations of inhibitors before being subjected to 50 ng/mL LPS. In vitro data are the mean =+ 1 standard deviation 2 biological

replicates, each n = 3).

13% of control at S uM §). Effects were similar for the different
JAK1 inhibitors, and a notable increase in IL-6 levels was
already observed at a concentration of 0.1 #M. In contrast,
JAK3 inhibition had little effect on the release of IL-6 with
minor and variable nonsignificant reduction at most concen-
trations and significant reduction (p < 0.05) at 0.1 yM.

The effects on the release of the anti-inflammatory cytokine
IL-10 were also similar for the JAK inhibitors already used in
the clinical setting. Again, bell-shaped dose response was
apparent (g = 0.01—S u#M). At most concentrations, IL-10
levels were elevated vs control in parallel with the TNFa levels.
One possible reason for this effect is that JAK1 is required for
IL-10 signaling. Excess TNFa release induces IL-10 release as a
regulatory feedback signal. However, if IL-10 signaling is
blocked, it is possible that there is no feedback control on
either TNFa or IL-10 levels and IL-10 release overshoots. The
bell-shaped drop in IL-10 at higher concentrations may reflect
the increasing influence of off-target inhibition (e.g., JAK2, for
which these substances have lower affinity than JAKI).
Treatment of cells with 8 had no effect on IL-10 levels up to
a concentration of 1 yM. Only at 2,5 and S uM was IL-10

895

elevated over control, albeit not significantly and to a lesser
extent than for § (127 + 15% at S uM 8). This phenomenon
was observed with many compounds from this series, namely,
that JAK3 inhibition is associated with increased IL-10 release
and an increased ratio of IL-10 to TNFa.

In summary, cells treated with compounds 5—7, all of which
share inhibition of JAKI, demonstrated similar cytokine
responses after LPS stimulus. The JAK3 inhibitor 8 caused a
distinctly different response with a potent decrease of TNFa
levels and distinct patterns of IL-6 and IL-10 release.

Given these effects of JAK3 inhibition, we examined
analogues of 8 in the same experimental conditions (Figure
7). 6—8 were included as controls.

Among the JAK3 inhibitors, 8 was the most effective at
decreasing TNFa, (downto 8 + 4% at 1 uM and 0 + 5% at S
UM relative to DMSO control). The other JAK3 inhibitors 1—
4 exhibited similar effects but were less potent. This mirrors
their respective in vitro JAK3 ICg, values (Supporting
Information, Table S1), which are higher than 8.

The pan-JAK inhibitor 7, on the other hand, increased
TNEFa levels at concentrations > 10 nM, up to 236 + 38%

https://doi.org/10.1021/acsptsci.3c00043
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Figure 7. Effects of JAK inhibitors on LPS-induced production of TNFa, IL-6, and IL-10 in vitro. Peripheral blood leukocytes isolated from human
donors were incubated with rising concentrations (from left to right: 0.001, 0.01, 0.1, 0.5, 1, and S M) of JAK inhibitors before addition of 50 ng/
mL LPS. In vitro data (n = 6) are displayed as mean =+ 1 standard deviation, unless noted otherwise (2 donors, each n = 3 assays). IL-10/TNFa

ratios are displayed in half-logarithmic scale.

compared to untreated cells at 1 M. Similarly, TNFa
production under treatment with 6 peaked at 0.5 yM, reaching
219 + 27% vs control. As observed in previous studies, 6 dose
response was bell-shaped and 5 uM caused TNFa to drop
again, to 39 + 6%.

These data show that JAK3 inhibitors inhibit TNFa release
and differ from clinically used JAK inhibitors differing in
selectivity.

JAK3 inhibition had little effect on IL-10 levels at most
concentrations. However, at 5 uM, several compounds showed
an effect that is, to the best of our knowledge, unique for this
compound class: Pretreatment with the macrolide-linked
compound 4 led to a drop of IL-10 levels (to 57 + 44%
relative to vehicle treatment) while 8 significantly elevated IL-
10 release to 160 + 21% (p < 0.0001). An increase was also
observed at S yM 8 in the previous experiment (Figure 6),
however to a lesser (nonsignificant) degree. Treatment with 7
reduced IL-10 levels at 5 uM (down to 68 + 18% relative to
vehicle) but caused increases of up to 36% over control
between 0.001 and 1 uM. Low concentrations of 6 led to
elevation of IL-10 production (up to 32 + 19% at 0.1 uM vs
vehicle); conversely, S uM had the opposite effect (decrease by
52 + 16%). In general, all JAK3 inhibitors (1—4, 8) caused a
concomitant inhibition of TNFa without interfering with IL-
10 production. This led to a concentration-dependent increase
of the IL-10/TNFa ratio (Figure 7). In contrast, the ratio

896

decreased at higher concentrations of 7, while treatment with 6
caused an inverse bell-shaped response.

1 lowered IL-6-release in a dose-dependent way, all other
JAK3 compounds had no effect on IL-6 levels. IL-6 release was
inhibited to 59 + 15% vs untreated control cells at 5 uM
concentration of 1. While 8 displayed a different effect on IL-6
compared to the previous experiment (Figure 6), the effects
were not significant compared to control cells. As with IL-10,
we attribute the deviation from the previous experiments to
minor, donor-specific variations of leukocyte populations.

Compared to JAK3 inhibitors, unselective inhibition of JAK
isoforms by pan-JAK inhibitor 7 led to an elevation of IL-6
levels by 47 &+ 13% at 1 uM and 30 + 17% at 5 uM, while
lower doses also caused a trend toward higher IL-6 levels. IL-6
concentrations in the samples treated with the JAK1/2
selective inhibitor 6 were analogous to those of TNFa: At
concentrations between 0.001 and 1 uM, a concentration-
dependent increase (up to 53 + 36% at 1 uM) was observed,
but at S uM the levels were close to those of untreated
samples.

Treatment with JAK3 Inhibitors Attenuates the
Inflammatory Response of BALB/c Mice to LPS
Injection. In a first study to establish the dose range, the
JAK3 inhibitor 3 was tested vs vehicle treatment. 3 is an
example of the macrolide conjugate class with promising in
vitro efficacy coupled with appropriate in vivo pharmacokinetics
(oral availability and extended tissue half-life).”> Oral

https://doi.org/10.1021/acsptsci.3c00043
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Figure 10. Cytokine levels of tail plasma taken 90 min (for TNFa) or 180 min (for IL-10) after intraperitoneal injection of 10 pg/kg LPS and 500
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injection. Data are shown as *p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Data are the mean + 1 standard deviation. Values for

unstimulated mice are too low to be visible on these scales.

application of 3 decreased TNFa— and IL-6-release, while IL-
10 levels remained constant or showed a trend toward
increased IL-10 release.

In subsequent studies, 3 was replaced by 4, a similar
conjugate compound with improved in vitro potency and
pharmacokinetics (see Supporting Information, Figure S5 and
Table S1). The other test compounds, 1 and 2, were selected
based on pharmacokinetic properties: 1 has adequate JAK3
potency and distributes well into tissues including the CNS. It
is intended as a potential candidate for CNS inflammation
studies to the question whether partition to the CNS improves
anti-inflammatory effects vs similar compounds without CNS
exposure. 2 is more stable in vivo compared to the lead 8, but
less potent vs JAK3, so it is intended to answer the question
whether loss of (in vitro) potency could be outweighed by the
increased in vivo stability.”

The JAK1/2 selective inhibitor 6, the pan-JAK inhibitor 7,
and the JAK3 selective inhibitor 8 were included as control
compounds.

Compound 3 Significantly Reduces TNFa Plasma
Concentrations after LPS Injection While Sparing IL-10.
In a small-scale study with p.o. treatment, the JAK3 inhibitor 3
was compared to vehicle treatment (Figure 8). The highest
TNFa and IL-10 plasma concentrations were observed 90 min
after LPS injection, while IL-6 peaked at 180 min. At a dose of
10 mg/kg (~8.5 umol/kg), 3 had no significant effect on IL-6
and IL-10 tail plasma concentrations, while reducing TNFa
levels at 60 and 90 min (p < 0.01). As a parameter of anti-
inflammatory potency in vivo, we calculated the ratio of IL-10
over TNFa at 60 and 90 min, and treatment with the JAK3
inhibitor 3 caused a significant (p < 0.05) shift toward an anti-
inflammatory profile at both time points by suppressing TNFa
release while maintaining IL-10 levels.

Oral Pretreatment of Mice with Macrolide Conjugate
4 Significantly Increases the IL-10/TNFa Plasma Ratio
Post LPS Injection. Treatment with the JAK3 inhibitors (1—
4, 8) or 6/7 reduced LPS-induced release of TNFa 60 and 90
min post LPS injection (Figure 9). In contrast to in vitro
experiments in human peripheral blood leukocytes, none of the
compounds increased TNFa production over vehicle control.
Greater reduction of TNFa at 90 min was observed for 1, 2,
and 4 (4: 41% of vehicle at 60 and 21% at 90 min). Treatments
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with either 1 or 2 generated similar results, reducing TNFa at
90 min to 45 and 41%, respectively.

All JAK inhibitors reduced plasma IL-6 concentrations 90
min after LPS administration, from 41 (8) to 28% (7) of
vehicle. The control compounds 6 and 7 were the most
effective treatments at the 180 min time point, lowering IL-6
levels down to 68 + 28 and 69 + 17% of vehicle, respectively
(p < 0.01 each).

LPS-dependent release of IL-10 was enhanced by a selection
of compounds from either class (Figure 10): Among the JAK3
inhibitors, both 2 and 4 led to a significant increase in plasma
IL-10 at 90 min (173% with 2, p < 0.001), with 4 also effective
at 180 min. Treatment with 1 and 8 did not affect IL-10. The
control compounds 6 and 7 both elevated plasma levels of IL-
10, each peaking at 90 min (207 + 45 and 170 = 41%,
respectively, p < 0.01 and p < 0.0001).

The ratio of tail plasma IL-10 to TNFa integrates effects on
both cytokines (Figure 9). The macrolide conjugate 4 caused a
significant increase (ratio of 3.2 + 0.7, p < 0.05) at 90 min post
LPS injection. The other compounds also increased the ratio
compared to vehicle, but to a lesser degree. The differences
were only apparent 90 min post treatment, whereas ratios were
similar between treatments at 60 min (not depicted).

These data suggest that JAK3 inhibition, especially in
immune cells, is associated with a shift in IL-10 to TNF« ratios
toward an anti-inflammatory cytokine pattern.

Intravenous Pretreatment of Mice with JAK Inhib-
itors Significantly Lowers Plasma TNFa Levels Post LPS
Injection. Intravenous application of JAK inhibitors 30 min
prior to LPS exposure led to a significant reduction of tail
plasma concentrations of TNFa compared to untreated
animals (Figure 10). The JAK3 selective 8 has a JAK3 ICq,
in a similar range to that reported for 7 (9 and 4 nM,
respectively).”> 7 is, in contrast to 8, not isoform selective. 8
was, however, more effective at reducing TNFa than 6 or 7. In
contrast to the p.o. study, intravenously applied 8 caused the
highest reduction of TNFa levels among all treatments (p <
0.001 wvs vehicle). This is in line with the known
pharmacokinetic limitations but high potency of 8. 1 and 2
also reduced plasma TNFa concentrations (p < 0.01 and <
0.001, respectively).

Increases in plasma IL-10 concentrations were observed in
all treatment groups except for the group treated with 6,
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Figure 11. Cytokine levels of tail plasma taken 90 or 180 min after intraperitoneal injection of 10 ug/kg LPS and 500 mg/kg Galactosamine.
Animals were treated with vehicle or various doses (from left to right: 0.03, 0.1, 0.3, 1, 3, 10 #mol/kg) of either 7 (shades of green) or 4 (shades of
blue) 30 min before LPS injection. Data are shown as *p < 0.05, ** p < 0.01, *** p < 0.001, **¥* p < 0.0001. Data are displayed as mean + 1

standard deviation.

though none were statistically significant vs vehicle. These data
are consistent with the general trend for JAK3 inhibitors to
reduce TNFa and increase the IL-10/TNFa ratio, which was
also observed in the p.o. studies.

JAK3 Inhibitor 4 Has a Complex Dose Response in
the LPS Challenge Model in BALB/c Mice. Given that
raising the dose of 7 increased TNFa levels in vitro and it was
less potent than equally dosed JAK3 inhibitors in vivo, we
reasoned that the dose optimum of the JAK1 inhibitors in
respect of TNFa reduction may be lower in mice. We
expanded the range of doses and included molar doses similar
to human dosing regimens, which are typically S—10 mg (or
0.23—0.46 umol/kg) twice daily.*” Given that the uptake and
metabolism of an oral dose may lead to significantly lower
overall exposure in time (trough plasma concentrations in
patients range from 2—10 ng/mL, equaling 6—32 nM on
average depending on dose),” we further extended the dose
range to 0.03 pmol/kg i.v. As mice eliminate substances in the
range of 8- to 12-fold faster than humans (approximate
allometric scaling),44 this corresponds to ca. 0.003 ymol/kg in
human subjects—below known trough levels. The JAK3
inhibitor 4 was selected as the comparator. By administering
both substances iv., differences in oral availability were
avoided.

Treatment with 4 led to a bell-shaped dose response on
TNFa levels (Figure 11). The two highest (10 and 3 gmol/kg)
and lowest (0.1 and 0.03 ymol/kg) doses significantly reduced
plasma concentrations of TNFa (p < 0.01 for 10 ymol/kg, p <
0.01 for 3/0.1/0.03 umol/kg). In contrast, 7 was only
associated with reductions in TNFa release at the 3 lower
doses, with a trend for increased TNFa with dose: Plasma
TNFa concentrations were always higher than for each
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corresponding dose of 4. The TNFa minimum in the groups
treated with 7 was at 0.1 gmol/kg. These data suggest that the
in vivo dose response to 7 in this model is complex, reflecting
multiple signaling pathways and interactions. However, an
optimum dose in the range of 0.1 ymol/kg is consistent with
known doses in human use.

At 90 min, both 4 and 7 elevated plasma levels of IL-10 at all
doses. Treatment with either compound led to significant
increases at 10 or 3 ymol/kg (p < 0.05 to p < 0.001); however,
the dose response was again complex. From 1 to 0.03 ymol/kg,
decreasing doses of 7 were associated with rising IL-10 levels,
suggesting that another peak dose of 7 for the stimulus of IL-
10 production is below 0.03 pmol/kg. Similarly, 4 exhibited
two dose-response zones: A high-range response with strongly
increasing IL-10 with dose and a low-range, bell-shaped
response with 0.3 ymol/kg associated with the second IL-10
peak.

At 180 min post LPS, IL-10 levels were generally reduced,
but still elevated vs vehicle in most treatment groups. At 10
umol/kg 4, IL-10 was unchanged at ca. 10,000 pg/mL,
suggesting that the substance in these amounts can maintain
stimulus for a long period. At 3 ymol/kg 4 ca. 5500 pg/mL IL-
10 was still present, about half the 90 min level. The macrolide
in 4 confers a long halflife (see Supporting Information,
Figure SS) and is expected to maintain levels in host immune
cells for a prolonged time in mice.”> For macrolide
compounds, a typical pattern is rapid distribution into
peripheral tissues after injection, followed by a longer phase
of slow redistribution into the bloodstream.**~*” Additionally,
inflammatory conditions like endotoxin shock are known to
affect the pharmacokinetics of many drugs including macro-
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lides, typically increasing AUC, plasma half-life, and c,,, while
lowering clearance.”* ™"

Quantification of terminal plasma levels of 4 by HPLC-MS
indeed showed high concentrations of the compound, in
contrast to 7, which was below the quantification limits in all
groups (Figure S6).

Given that both TNFa and IL-10 levels are relevant to the
resulting degree of inflammation, we also calculated the ratio of
these cytokines. Given the rapid clearance of plasma TNFa,
the ratio can only be accurately calculated at 90 min where the
dose response suggests again that the optimal level of 7 is
below 0.03 pymol/kg. For 4, beneficial effects are from 0.03
umol/kg, with a potential optimum at 0.1 umol/kg and
between 3 and 10 pmol/kg. However, the trends for both
substances suggest that the effect will be apparent well below
0.03 umol/kg. This apparent potency is consistent with the
doses and exposures known in the clinical use of 7.

In summary, the JAK3-specific inhibitor 4 reduced TNFa to
lower levels than the unselective 7; however, both compounds
reduced TNFa in the low-dose groups. The biphasic dose
responses seen for both compounds and cytokines suggest that
while high doses provide potent effects, the clinically relevant
low doses can maintain favorable IL-10/TNFa ratios. These
data seem consistent enough with the known clinical effects of
7 to suggest that JAK3 modulation at the lower doses could be
the primary source of benefit of the compound.

The advantage of the JAK3-specific inhibitor 4 is that it
retains beneficial ratios throughout its dose response and that
there is less risk of unfavorable effects on inflammation (rising
TNFa) should a subject have low clearance. Examining the
high-dose (3 and 10 pmol/kg) effects shows that at these
levels, the effects become even more favorable in terms of IL-
10/TNFa ratio. This inherent therapeutic certainty over a long
dose range in the mode of action would be reassuring for
clinicians titrating doses in the elderly.

B DISCUSSION

Our efforts to investigate the mode of action of JAK3 inhibitors
were primarily directed to the question “is selective JAK3
inhibition a more appropriate mode of action for the treatment
of autoimmune diseases than JAKI, mixed JAK, or pan-JAK
inhibitors?”. The rationale is found in the knockout phenotype
of JAK3, namely, immune deficiency,””>* and the leukocyte-
specific expression of JAK3. A secondary rationale for more
specific JAK3 inhibitors is in the limitation of adverse effects
associated with existing JAK inhibitors which include cardiac
effects reported for some pan- and JAK1 inhibitors and effects
on spermatogenesis for filgotinib.”*>> The mechanism of these
effects is not known. Adverse effects associated with infection
or cancer progression may be due to immune suppression.

At first glance, adverse effects related to immune suppression
are unlikely to be managed by a selective JAK3 inhibitor unless
subtler dose ranges can be identified that do not impact anti-
tumor surveillance. Indeed, one potential benefit of low-dose
JAK3 inhibition in cancer has been reported: JAK3 mediates
IL-2 signaling and it appears that moderate and sustained
inhibition of the IL-2 receptor system prevents T-cell
exhaustion in tumors.’® Prevention of exhaustion leads to a
more active anti-tumor phenotype in T-cells and more effective
activation by checkpoint antibodies. These data suggest that if
JAK3-specific inhibitors can allow more nuanced dose ranges,
there is the potential for risks in oncology to be manageable, or
indeed turned to advantage at lower doses.
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In Vitro. The in vitro observations reported here are both
consistent with, and in contrast to, various literature reports of
similar substances and challenge models. The effects of JAK1
and JAK3 inhibition in vitro are highly dependent on the
experimental conditions: Both pro- and anti-inflammatory
effects have been observed, depending on factors like stimulus,
polarization of cells, and the concentration of inhibitors."">”
This complicates the selection of an appropriate screening
system. We used human primary peripheral blood leukocytes
as a screen for attenuation of innate leukocyte-dependent
inflammatory reaction.

Perhaps the most important aspect of our study was the
potential for interference in IL-10 signaling. Pattinson et al.
reported that interference with JAK1 signaling could change
IL-10 reception and/or production.*" JAK isoform involve-
ment in signaling is highly cell-dependent and in most cases,
the same receptors associate with more than one JAK
isoform.'”*® In particular, JAK3 is paired with JAKI for
receptors of y. cytokines.

The JAK3/STAT3 pathway can be activated in M2
macrophages, among other cells, by LPS stimulus.”” Quero
et al. found that selective inhibition of JAK3 by 1 yM 8 in M2
macrophages isolated from human donors led to increased
production of IL-6 and IL-8 and a decrease of IL-10 compared
to control, whereas pan-JAK inhibition by 1 uM 7 caused even
higher increases of IL-6 and IL-8. However, it did not affect IL-
10 production at this concentration, doing so only at S M. In
M1 macrophages, both 7 and 8 decreased IL-6 output with
similar efficiency.”

Our findings show that in a more complex environment of
mixed immune cell types, the effects of both compounds on
cytokine production can be quite different: In peripheral blood
leukocytes, the JAK3 selective inhibitor 8 did not affect IL-6
concentrations vs control (Figures 6 and 7), in contrast to the
data of Quero et al in isolated M1 or M2 macrophage
populations.”” While the mechanistic basis for this difference is
not clear, it is reasonable to expect that mixed primary cells
without a culture phase may react differently than differ-
entiated cells. Similarly, macrophages have distinct signaling
behavior and are not normally found in peripheral blood. The
reported effects of high concentrations of 7 in stimulating pro-
inflammatory cytokines in M2 cells do not provide any
explanation of its in vivo potency and may not be relevant in
terms of both T-cell effects or concentration ranges in vivo.
Finally, 1 pM is almost certainly higher than the average
concentration experienced in vivo given that the actual dose is
at most 0.46 umol/kg.60

In another report by Pattison et al., murine bone marrow-
derived macrophages were incubated with S yuM 7 for 1 h and
stimulated with LPS for various times leading to a decrease in
IL-10 production.”’ IL-10 can be induced in macrophages by
interferon/STAT1 signaling, which itself is inducible by LPS
stimulus.”’ As IL-10 induces both transcription of its own
mRNA®® (via STAT3)®® and its negative regulator
SOCS1,* "% the overall effects on IL-10 levels are complex
and depend on factors like time and cell type. Nonetheless,
these data show that isolated cell types exposed to high
concentrations of substance in vitro exhibit responses that
differ from the in vivo setting.

The JAK3 inhibitors studied here exhibited the same ability
to mildly decrease IL-10 levels at medium to high doses as seen
in macrophages, although 8, at 5 uM, strongly increased IL-10.
These observations are consistent with differential interaction

https://doi.org/10.1021/acsptsci.3c00043
ACS Pharmacol. Transl. Sci. 2023, 6, 892—906


https://pubs.acs.org/doi/suppl/10.1021/acsptsci.3c00043/suppl_file/pt3c00043_si_001.pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.3c00043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Pharmacology & Translational Science

pubs.acs.org/ptsci

with cytokine receptor feedback loops. However, at higher
concentrations, off-target effects resulting from inhibition of
other kinases potentially complicate interpretation.

The potential for JAK3 blockade to increase IL-10 is also
apparent in JAK3™/~ bone marrow-derived dendritic cells
which have elevated IL-10 output vs wild type, both at baseline
and as a reaction to inflammatory stimuli.” On the other hand,
signaling of the JAK1/JAK3-dependent IL-4 (e.g, post TLR4
stimulus) can either augment the production of IL-10 or
cause a decrease,é2 once again emphasizing the complex
mechanisms involved in the immune reaction.

JAKI is responsible for the signal transduction by the IL-10
receptor® and blockade of IL-10 signaling would counteract
the IL-10-dependent attenuation of IL-6 production (by
SOCS3, which is inducible by the IL-10/STAT3 pathway).®**”
In our assays, IL-10 production itself was amplified by medium
concentrations (1—5 uM) of 7 (Figures 6 and 7).

Our findings on the effects of 7 are in line with a publication
by Wang et al., where various concentrations of 7 or 10 uM
WHI-P154, which is described as a JAK3 inhibitor, enhanced
production of pro-inflammatory cytokines IL-6, IL-12, and
TNFa by monocytes after LPS stimulus while decreasing
production of IL-10.7° It should, however, be noted that WHI-
P154 is not specific for JAK3, also being a potent inhibitor of at
least EGFR, with lower activity against JAK3 (JAK3 ICg, = 1.8
uM).”" The effects were still reported to be JAK3-related, as
similar results were achieved in models using siRNA or JAK3-
knockout cell lines.”’

There was a contrast in the JAK inhibitors’ effects on TNFa
production depending on their selectivity profiles: While the
JAK3 selective inhibitors all decreased TNFa in a concen-
tration-dependent manner, the unselective 7 instead increased
TNFa (Figure 6) as did § and 6. IL-10 depends on JAK1 for
signaling, especially to inhibit the production of TNFa and IL-
6 after LPS stimulus. Additionally, IL-10 induces the
expression of SOCS3 genes via STAT3 phosphorylation
(following application of LPS to monocytes), which in turn
suppresses STAT1 activity, thus disrupting interferon signal-
ing.72 In cells treated with 5—7, IL-10 signaling is hindered,
resulting in increased levels of pro-inflammatory cytokines
compared to untreated cells.*"*® Unlike 5—7, selective
inhibition of JAK3 spared IL-10 function, leading to a decrease
of TNFaq, while IL-6 levels were largely unaffected (Figures 6
and 7). A precise mechanism linking JAK3 inhibition and
reduced release of TNFa in the context of LPS-based
inflammation has, to the best of our knowledge, not been
clarified yet. Apart from the aforementioned effects of IL-10,
the blockade of IL-2 signaling (which is dependent on JAK1/
JAK3) may lead to decreased levels of TNFa, as IL-2 has been
shown to induce TNFa production in various cell types.”*~"*
IL-2 itself is rapidly induced after TLR4 stimulus,”® which may
explain the potent effects of the JAK3 inhibitors in our models.
Furthermore, silencing of JAK3 in rats was shown to decrease
their expression of TNFa and IL-6.”"

While the isoform selectivity of the JAK3 inhibitors 3 and 4
has yet to be experimentally determined, they exhibited similar
behavior in the assays compared to 8, which has been tested
for its selectivity over the human kinome.”® 3 and 4 are closely
related structures and likely share the covalent-reversible
binding mode. In addition, JAK selectivity has been assessed
for 1 and 2 (Supporting Information, Table S2) in a
radiometric assay, where both demonstrated selectivity for
JAK3 over the other JAK family enzymes.
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In Vivo. To investigate the relationship between in vitro
potency and in vivo efficacy and the effects of stability and
distribution, we compared a range of JAK3 inhibitors from the
series in vivo using the LPS challenge model. The JAK3
inhibitors retained their anti-inflammatory potency in vivo,
decreasing LPS-dependent production of TNFa and IL-6.
However, there were changes in relative apparent potency due
to pharmacokinetics. 8—which was the most potent JAK3
inhibitor in vitro—was less effective in vivo compared to 2 and
4 in terms of IL-10 and TNFa levels when given orally. Both 1
and 8 have short plasma half-lives and low peak concentrations
after oral administration, while the more stable 2 and the
macrolide conjugate 4 have higher tissue distribution and
longer terminal half-lives.”> Among the compounds used in the
p-o. study, the ratio of IL-10 to TNFa plasma concentrations
was highest for 4 (Figure 9) at the relevant 90 min time point.
This appears to be a promising anti-inflammatory cytokine
profile and thus is the most suitable for the treatment of
TNFa-mediated inflammation.

Our in vivo cytokine profile for 7 is in line with findings by
Ghoreschi et al., where the substance was applied in the same
dose of 5 mg/kg p.o. before LPS injection and increased
plasma IL-10 concentrations while simultaneously lowering
levels of TNFa and IL-6.”° 6 gave similar results, suggesting
that the effects are mostly JAK1-dependent. The efficacy of the
selective JAK3 inhibitors in the in vivo model can be explained
by the colocalization of JAK1 and JAK3, which form
heterodimers during the signaling process.

The blockade of IL-10 signaling by the unselective inhibitors
6 and 7 had notably different effects in human cells compared
to the murine models, especially on the production of TNFa.
IL-10 induces the transcription of miR-187, an miRNA which
suppresses the production of TNFa and IL-6.°”°' Its
expression in human monocytes post TLR4 stimulus is
potentiated by IL-10. However, this has not been observed
in murine leukocytes, which appear to be unable to upregulate
miR-187 transcription this way.80 Thus, blockade of IL-10
signaling may have more potent consequences in human cells
than in murine cells or live mice, which would contribute to
the increases in TNFa levels by 5—7 we observed in our in
vitro studies.

Due to the subtler effects of 1 and 8 in the p.o. in vivo study
compared to closely related compounds 2 and 4, we conducted
another study where treatments were given intravenously
(Figure 10). Unlike in the p.o. study, 8 had the strongest effect
on TNFa secretion. As mentioned before, we attribute the
different outcomes between the studies to the limited exposure
to 8 via the oral route. Oral administration of 15 pmol/kg of 8
did not lead to sufficient plasma concentrations over the course
of that experiment. Meanwhile, the more stable analogue 2,
while less potent in vitro, has an improved plasma half-life
coupled with higher peak concentrations after oral treatment.
The enhancement in exposure was sufficient for 2 to also be
effective when administered orally. In the i.v. study, the higher
JAK3 inhibitory potency of 8 compared to 2 led to more
pronounced attenuation of TNFa production. Curiously 1,
while more effective than 8 at reducing TNFa in the p.o. study,
still had no effect on IL-10 production, unlike 2, 4, and the
unselective control compounds.

A follow-up study, again with i.v. treatment, was carried out
to assess the effects of JAK3 inhibitors at a lower dose range
resembling trough exposures in human subjects. The strongest
decrease of TNFa and concomitant elevation of IL-10 plasma
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levels were found in the high-dose groups (10 and 3 gmol/kg).
4, at low doses (eg, 0.1 umol/kg or 0.03 umol/kg), also
reduced TNFa plasma levels with only a minor increase of
plasma IL-10 in these animals, suggesting that while the IL-10/
TNFa ratio remains positive, another interaction is responsible
for the very IL-10 high levels at doses of 3 ymol/kg and above.
Selecting a more nuanced therapeutic dose is facilitated by the
use of biomarkers. To this end, we have focused on IL-10 and
TNFa as the prime indicators of immune homeostasis and
JAK3 inhibitor effect. Clinical studies based on these
biomarkers should then enable accurate dosing and treatment
personalization. The ideal substance class would then have a
linear dose response for effects on IL-10 and TNFa in the
pharmacological range. As we have shown, dose response to
pan-JAK or JAKI inhibitors is not linear. We have attributed
this to the potential for abrogation (or interruption) of IL-10
receptor (JAK1) mediated feedback control of TNFa
production.®*®

The transition from in vitro to in vivo experiments revealed a
change in trends for the control compounds 6 and 7 which was
not observed in the JAK3 selective compounds: In the in vitro
experiments with human peripheral leukocytes, 6 and 7
strongly increased production of TNFa IL-6 and IL-10 at
most concentrations. In murine in vivo experiments the
compounds instead caused a decrease of TNFa and IL-6
levels vs vehicle, while IL-10 was often increased (Figures 9
and11). While the in vitro environments were already complex
(human mixed peripheral leukocytes) to better emulate clinical
conditions, the change to in vivo models further increased
complexity. An increased number of cell types and other
factors (eg., drug metabolism) can influence the results.
Another factor is the switch from human cells to mice: There
are potentially relevant differences in the effects of IL-10 on
gene transcription depending on species. For example, as
described above, IL-10 induces the transcription of an anti-
inflammatory microRNA, miR-187, in human myeloid cells,
but not in murine cells.*>*’

In contrast, the effects of the JAK3 selective inhibitors
translated more consistently between in vitro and in vivo
experiments. In both settings, TNFa production was reduced
by the compounds, while IL-10 levels remained similar to
control or were increased. Comparing these observations to
those from the mixed JAK inhibitors (or the JAK1 selective 5)
gives rise to the question whether the inhibition of JAK1 has
different effects in an in vitro setting compared to in vivo
(unlike inhibition of JAK3).

Given the intrinsic risk that a JAK1 inhibitor can inhibit IL-
10 signaling, the first question that we addressed was whether
JAK3-specific inhibitors had the potential to preserve IL-10
feedback. We focused on the LPS model because, in our
experience, TNFa and IL-10 responses are very consistent
with LPS stimulus in naive mice. In §eneral, LPS challenge is
considered largely a myeloid model; »%3 however, in vivo, all
immune cell subsets are involved. In the dose-response study
(Figure 11), JAK3 inhibitors provided greater regulation of
TNFa levels and the stimulus and maintenance of IL-10
production, leading to a higher IL-10/TNFa ratio at all doses.
The two are linked via downstream transcription factors and
feedback loops and this is observed in wide-range dose-
response studies.” "%

The second question we investigated was whether the
efficacy of nanomolar doses of clinical JAK inhibitors could be
due to effects on IL-10 upregulation. While many reported
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rodent studies of inflammation use high doses (10—30 mg/kg)
of JAK inhibitors,*>™" we used the LPS stimulus model to
investigate low-dose effects on the IL-10/TNFa ratio. These
data show that the subtler effects of JAK1/2/3/TYK2
inhibition are apparent at nanomolar in vivo doses in mice.
Human doses for this class are in the range of S—10 mg (of 7)
bd, which corresponds to 0.07—0.14 mg/kg or 0.23—0.46
pumol/kg bd.* Using an allometric scaling factor of 8,44 this
would imply a dose in mice in the range of 0.57—1.14 mg/kg
or 1.76—3.52 pmol/kg twice daily. In this paper, we report on
in vivo studies of this type ranging from 15 to 0.03 umol/kg.
We investigated effects observed at or below 1 umol/kg,
reasoning that this would approximate the human range. From
Figure 11, it is apparent that 1 pmol/kg represents an
inflection point for both the reference pan-JAK inhibitor 7 and
the novel JAK3 compound 4 with dose-responsive effects
down to 0.03 umol/kg.

B CONCLUSION

JAK1 inhibitors and JAK3 selective inhibitors differ in the
apparent effects on cytokine release both in vitro and in vivo. A
key difference is in the regulation of TNFa and IL-10. The
most important difference seems to be in the stimulation of
TNFa production at high concentrations in vitro. While there
are clear differences between human primary cells and a
murine system, the same trend of increased IL-10/TNFa ratios
and differential regulation of IL-10 are maintained in the LPS
challenge model in mice. Cytokine responses in mice reflected
both pharmacokinetics and apparent target affinity. However,
aspects of pharmacokinetics dominated results from oral
application of JAK3 inhibitors. These data demonstrate that
JAK3 inhibitors maintain their cytokine selectivity profiles in
vivo which is consistent with a general anti-inflammatory mode
of action.

B MATERIAL AND METHODS

Test Compounds. Structures, synthesis, JAK3 ICy, data,
and PK properties of 1-3 and 8 have been reported;25 the
corresponding data for 4 are depicted in the Supporting
Information. The compounds were tested for toxicity in an
MTT assay. No toxicity was observed at the concentrations
used for our in vitro experiments.

Tofacitinib (7) citrate and Ruxolitinib (6) phosphate were
kindly provided by the University of Tiibingen’s Department
of Pharmaceutical Chemistry. 5 was obtained from Chempur.

Cytokine Determinations. Human peripheral blood
leukocytes from human whole blood were kindly provided
by ZKT Tiibingen GmbH (Otfried-Miiller-Strafle 4/1, 72076
Tiibingen). ELISAs were performed using Sarstedt 96-well flat-
bottom plates. Assay diluent, coating buffer, and TMB
substrate were purchased from Biolegend. Materials for
ELISA were obtained from Biolegend (ELISA Max Standard
Kit, mTNFq, hIL-6, hIL-10, mIL-6, mIL-10) and R&D
Systems (Human TNF-a DuoSet ELISA, hTNFa)

In Vitro Stimulation of Cells. Human peripheral blood
leukocytes were seeded into 96-well flat-bottom plates
(Sarstedt), 2.5 X 10° cells/well, and stimulated with 50 ng/
mL LPS (E. coli; Sigma). Then, cells were incubated with JAK
inhibitors or DMSO at the indicated concentrations for 24 h at
37 °C and 5% CO,. Supernatant was taken after centrifugation
at 400 rpm and immediately used for the determination of
cytokine concentrations.
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IL-10, IL-6, and TNFa levels were determined in the
supernatants of the in vitro stimulation and in vivo tail plasma
samples. ELISA was performed according to manufacturer’s
instructions and OD was measured using a VersaMax Tunable
Microplate Reader (Molecular Devices).

Experimental Animals. All animal experiments were
carried out in accordance with German law and standard
ethical provisions. Seven- to eight-week-old BALB/c female
mice were purchased from Janvier Labs and maintained in our
dedicated specific-pathogen-free (SPF) animal facility. Before
each study, an acclimatization phase of at least one week was
used. Animals had access to food and water ad libitum. Body
weights were approx. 20 g per mouse, with each mouse being
weighed right before treatment and doses adjusted accordingly
to ensure equal doses for all animals.

LPS Challenge. Galactosamine and bacterial LPS from
Salmonella enterica were obtained from Sigma-Aldrich.

Pre-Study. Balb/c female mice (n = 9) were treated with
either vehicle or 10 mg/kg p.o. of 3 (in 0.5% citric acid, 10 ml/
kg). After 1S min, a solution of 1 mg/mL (for 10 mg/kg) LPS
(S. enterica typhimurium) in phosphate-buffered saline (10
mL/kg) was applied intraperitoneally. Blood was taken from
the tail vein at 60, 90, and 180 min after LPS injection. After
180 min, the mice were sacrificed by CO, inhalation.

LPS Challenge, p.o. Treatment. Balb/c female mice (n = 8)
were treated with 1S5 pmol/kg p.o. of each of the JAK
inhibitors or vehicle (0.5% citric acid in water, 10 mL/kg).
After 30 min, 10 mg/kg LPS (S. enterica typhimurium) in
phosphate-buffered saline was administered ip. (10 mL/kg).
Blood was taken from the tail vein at 60, 90, and 180 min after
LPS injection. After 180 min, the mice were sacrificed by CO,
inhalation.

LPS Challenges, i.v. Treatment. Balb/c female mice (n = 6)
were injected i.v. with either vehicle or 9.6 pmol/kg of JAK
inhibitors (10% DMSO in murine serum, 2.5 mL/kg). After 30
min, a solution of 1 yg/mL LPS (for 10 ug/kg LPS, S. enterica
typhimurium) and 500 mg/kg Galactosamine in 0.9% saline
(10 ml/kg) was applied i.p. Blood was taken from the tail vein
at 90 and 180 min after LPS injection. The mice were
sacrificed by CO, inhalation after 180 min.

Dose-Response i.v. Study. Balb/c female mice (n = 6) were
injected iv. with either 9.6, 3.2, or 1.06 umol/kg of JAK
inhibitors (10% DMSO in murine serum, 2.5 mL/kg). After 30
min, a solution of 1 ug/mL (for 10 ug/kg LPS, S. enterica
typhimurium) and 500 mg/kg Galactosamine in 0.9% saline
(10 mL/kg) was applied intraperitoneally. Blood was taken
from the tail vein at 90 and 180 min after LPS injection. The
mice were sacrificed by CO, inhalation after 180 min.

In Vivo Samples. Blood taken from mice during in vivo
studies was collected into heparinized tubes and centrifuged at
8000 rpm and 4 °C for 8 min. The supernatant plasma was
then immediately used for the determination of cytokine
concentrations.

Statistics. Statistical analysis of results was performed using
GraphPad Prism. Unless otherwise noted, comparisons were
carried out by t-test (in vivo pre-study) or one-way analysis of
variance (ANOVA). Normality of data was tested with the
Shapiro-Wilk test, heteroscedasticity was tested using the
Brown—Forsythe test.
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