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SUMMARY

We present graduated effects on innate and adaptive im-
mune cells involved in inflammatory bowel disease with

preference for T cell pathways. Moreover, we identified
equilibrative nucleoside transporters as molecular basis for
cellular uptake of tofacitinib—upregulated during inflam-
mation and accessible by pharmaceuticals.

OBJECTIVE: By interfering with multiple cytokines, human Ja-
nus kinase inhibitors (JAKis) are of growing importance in the
treatment of malignant and inflammatory conditions. Although
tofacitinib has demonstrated efficacy as the first-in-class JAKi in
ulcerative colitis many aspects concerning its mode of action
and pharmacokinetics remain unresolved.

DESIGN: We studied tofacitinib’s impact on various primary
human innate and adaptive immune cells. In-depth in vivo
studies were performed in dextran sodium sulfate-induced
colitis in mice. Immune populations were characterized by

flow cytometry and critical transcription factors and effector
cytokines were analyzed. Pharmacokinetics of tofacitinib was
studied by liquid chromatography-tandem mass spectrometry.

RESULTS: Tofacitinib inhibited proliferation in CD4* and CD8™"
T cells along with Th1 and Th17 differentiation, while Th2 and
regulatory T cell lineages were largely unaffected. Monocytes
and macrophages were directed toward an anti-inflammatory
phenotype and cytokine production was suppressed in intes-
tinal epithelial cells. These findings were largely reproducible
in murine cells of the inflamed mucosa in dextran sulfate so-
dium colitis. Short-term treatment with tofacitinib had little
impact on the mouse microbiota. Strikingly, the degree of
inflammation and circulating tofacitinib levels showed a strong
positive correlation. Finally, we identified inflammation-
induced equilibrative nucleoside transporters as regulators of
tofacitinib uptake into leukocytes.

CONCLUSIONS: We provide a detailed analysis of the cell-
specific immune-suppressive effects of the JAKis tofacitinib on
innate and adaptive immunity and reveal that intestinal
inflammation critically impacts tofacitinib’s pharmacokinetics in
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mice. Furthermore, we describe an unappreciated mechanism—
namely induction of equilibrative nucleoside transporters—
enhancing baseline cellular uptake that can be inhibited
pharmaceutically. (Cell Mol  Gastroenterol  Hepatol
2022;13:383-404; https://doi.org/10.1016/jjcmgh.2021.09.004)

Keywords: pharmacokinetics; inflammatory bowel disease;
mucosal inflammation; JAK inhibitor; tofacitinib.

C rohn’s disease (CD) and ulcerative colitis (UC)
represent the 2 major forms of chronic inflamma-
tory bowel diseases (IBDs)."* They are characterized by
sustained or recurrent inflammation of the intestinal mu-
cosa. Persons affected experience diarrhea, rectal blood, and
abdominal pain, being detrimental to their quality of life.
Over time repeated flares of mucosal inflammation may
result in irreversible damage of the macro- and micro-
structural integrity of the gastrointestinal tract, providing
the basis for complications such as fistulas, strictures, and
colitis-associated carcinogenesis.*”

Concerning the therapeutic options in IBD the last years
have seen a widening of the therapeutic armamentarium—
specifically for moderate to severe disease courses. Mono-
clonal antibodies against tumor necrosis factor « (TNF-a),
a407 integrin, and the p40 subunit of interleukin (IL)-12
and IL-23 have proven to be effective in a proportion of
patients.” However, up to 30% of IBD patients do not
respond to such therapies at all, and of those who initially
benefit, many will eventually lose response to treatment or
develop intolerance.® A vast body of research has been
dedicated to the unravelling of the underlying mechanisms.
The observation that antibody trough concentrations
correlate positively with clinical efficacy gave rise to seek a
reason in the pharmacokinetics. However, a marked in-
crease of the induction dosing of adalimumab failed to
demonstrate superiority,’ suggesting that the reasons for
low trough levels are more complex including antigen-
dependent and immunologic factors. The mechanism of ac-
tion of therapeutic antibodies goes beyond the simple
neutralization of the target structures and involve modula-
tory effects on innate immune cells.*’ Thus, after 20 years,
many questions regarding aspects of pharmacokinetics and
mechanisms of therapeutic antibodies remain unanswered.

Cytokine networks in the inflamed mucosa are sophisti-
cated and subjected to multiple layers of regulation by mi-
crobial, genetic and immunological factors. Thus, targeting a
single cytokine in patients with IBD may induce alternative
compensatory or redundant pathways. An novel approach to
optimize response rates in IBD is the use of multicytokine
blockers, which inhibit shared cytokine signalling path-
ways.'? Janus kinase (JAK)-signal transducers and activator
of transcription (STAT) (JAK-STAT) pathway operates
downstream of over 50 cytokines and growth factors. Loss or
gain of function mutations in humans and mice result in
detrimental immunological phenotypes.'* The human JAK-
STAT family comprises 4 JAKs and 7 STATs. Mechanistically,
cytokine receptor-ligand engagement activates receptor-
associated JAKs that phosphorylate specific tyrosine
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residues on their receptors. These serve as a docking site for
STATSs that are in turn also phosphorylated by adjacent JAKs.
Phosphorylated STATs dimerize and translocate into the
nucleus to regulate gene transcription.’ Thus, interfering
with JAK-STAT signalling opens the possibility to block or
modulate the activity of several cytokines simultaneously.

This has prompted the development of orally available,
small-molecule JAK inhibitors (JAKis) for the treatment of a
wide range of inflammatory conditions. In 2018, tofacitinib
was the first JAKi to be approved to treat moderately to
severely active UC.# Tofacitinib is a reversible competitive
inhibitor that binds to the adenosine triphosphate (ATP)
binding site in the catalytic cleft of the kinase domains of
JAK1 and JAK3. As an oral, small-molecule JAKi, tofacitinib is
rapidly absorbed, with a bioavailability of 93%, reaching
peak plasma concentration within 1 hour, and with a ter-
minal half-life of approximately 3 hours.™

However, regarding the mechanistic underpinnings of
tofacitinib in intestinal inflammation there are many open
questions, eg, the unexpected failure of tofacitinib to
demonstrate efficacy in CD.* A possible explanation may be
that tofacitinib engages cell type-specific effects capturing
cell populations and related cytokines relevant for UC but
not relevant for CD. Furthermore, there is a substantial lack
of information regarding tofacitinib’s pharmacokinetics
during inflammation both on a systemic level and on a
cellular level. This prompted us to examine cell
type-specific effects of tofacitinib in primary human cells of
the innate and adaptive immune system and to reproduce
such findings in vivo, in a mouse model of experimental
colitis, in consideration of a detailed systemic, tissue- and
cell-specific pharmacokinetic workup.

Results
Tofacitinib Potently Suppresses Peripheral Blood
T Cell Proliferation

Given the close linkage of T cell proliferation with the
IL-2 receptor-JAK1-JAK3 axis,'” we first studied effects of
tofacitinib on proliferation of CD3™" peripheral T cell isolated
from human peripheral blood. Cells were restimulated with

*Authors share co-first authorship.
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CFSE, carboxyfluorescein succinimidyl ester; DI, division index; DSS,
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Janus kinase; JAKIi, Janus kinase inhibitor; IBD, inflammatory bowel
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CD3/CD28 with or without increasing concentrations of
tofacitinib. Effects of tofacitinib on T cell proliferation were
determined by WST-1 assay and flow cytometry. Treatment
with tofacitinib dose-dependently decreased cellular prolif-
eration as indicated by a reduced conversion of WST-1 to
formazan by mitochondrial dehydrogenases (Figure 14) and
proliferation assessed in flow cytometric carboxyfluorescein
succinimidyl ester (CFSE) experiments (FigurelE and F and
Figure 2). The flow cytometry gating strategy is outlined in
Figure 3. Remarkably, the concentrations of tofacitinib used
did not induce excessive cell death (Figure 4). As for the
WST-1 assay tofacitinib resulted in a reduction in both CD4™"
and CD8™ positive T cells (Figure 1C), resulting in a steady-
state CD4/CD8 ratio at a tofacitinib concentration of 500 nM
(Figure 1D). To decipher the proliferation inhibitory po-
tential of tofacitinib on naive and effector memory T cells,
CFSE assays were performed in combination with CD4 and
CD8 along with CD45RA (naive) and CD45RO (effector/
memory) lineage markers. Proliferation index (PI) and di-
vision index (DI), both commonly used indices to evaluate
proliferation, were strongly reduced in CD4*/CD45R0™ (PI:
2.47 to 1.73; DI: 2.46 to 1.28) and CD4*/CD45RA™ (PI: 2.97
to 1.31; DI: 2.70 to 0.63) (Figure 1E), as well as in CD8"/
CD45RO* (PI: 2.56 to 2.13; DI: 2.41 to 1.64) and CD8"/
CD45RA™ (PI: 3.32 to 1.26; DI: 3.15 to 0.37) (Figure 1F),
indicative of a particularly strong effect on the naive CD8"
cytotoxic T cell subset.

Impact of Tofacitinib on Peripheral Blood T
Helper Cell Functions

CD4™" positive helper T cells orchestrate immune re-
actions in IBD.'® Thus, we examined the impact of JAK1 and
JAK3 modulation by tofacitinib on Th differentiation and
effector functions of T cells isolated from human peripheral
blood. As outlined in Figure 54, we first determined the
impact of tofacitinib on naive CD4" Th1 differentiation.
Compared with untreated control cells, tofacitinib resulted
in a dose-dependent up to 5-fold reduction on interferon vy
(IFN¥y) production both on the protein and the messenger
RNA (mRNA) level. This was paralleled by a tofacitinib-
induced suppression of T-bet, the key transcriptional regu-
lator of Th1l lineage commitment."” Despite tofacitinib’s
antiproliferative capacity the observed effects were not
primarily explained by a reduced T helper (Th) cell prolif-
eration. To determine whether tofacitinib affects Th17 dif-
ferentiation, naive Th cells were differentiated under Th17
polarizing conditions, as depicted in Figure 5B. As for the
Th1 conditions, tofacitinib strongly and dose-dependently
suppressed Th17 differentiation as for IL17A, IL-17F, and
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IL-22 production. Tofacitinib reduced the intracellular
immunopositivity for RORyt, the lineage defining tran-
scription factor of Th17 cells,'® again without completely
interfering with T cell proliferation. Noteworthy, in Th2
polarizing conditions, tofacitinib lacked an effect on IL-4
production, and the number of GATA3-positive cells was
decreased in the presence of 500 nM tofacitinib (Figure 6).
To determine tofacitinib’s potential to interfere with effector
functions of differentiated Th cells, we differentiated naive
Th cells under the previously mentioned conditions and
restimulated with phytohemagglutinin (PHA) in presence or
absence of this JAK1/3 inhibitor. As outlined in Figure 5C,
tofacitinib strongly suppressed IFNy production, particu-
larly at concentration of 50 nM and 500 nM. Similarly,
tofacitinib strongly suppressed Th17 effector cytokines in
PHA-restimulated Th17 cells (Figure 5D).

Tofacitinib Suppresses Immune Function of
Innate Immune Cells

Recently, cells of the innate immune system have been
brought back into the limelight of intestinal immunity.'® To
determine a potential impact on innate immune cells, we
first studied the effect of tofacitinib on LPS/IFN+y stimulated
CD14" monocytes isolated from human peripheral blood
(Figure 7A). Tofacitinib exerted anti-inflammatory effects on
monocytes—suppression of the proinflammatory cytokines
IL-6, CXCL10 (IP-10), TNF-«, and induction of the anti-
inflammatory cytokine IL-10—at a tofacitinib concentra-
tion of 500 nM. To determine the effect of tofacitinib on
macrophage differentiation, CD14" monocytes isolated from
peripheral blood were grown in the presence of macrophage
colony-stimulating factor (M-CSF) with or without tofaciti-
nib for 6 days and then subjected to M0, M1, or M2 polar-
izing conditions. As shown in Figure 7B, tofacitinib
suppressed M1 transcripts including TNF-« and inducible
nitric oxide synthase 2, which were strongly induced by
LPS/IFN~. Under MO and M2 conditions tofacitinib skewed
macrophage polarization toward M2 indicated by induction
of ARG1 (arginase 1) and/or IL-10. When monocytes were
differentiated without tofacitinib for 6 days (Figure 7C) and
restimulated under the aforementioned conditions in the
presence of tofacitinib, again M1 cytokine production was
markedly suppressed. The aforementioned M2-promoting
properties were not observed under these conditions. In-
testinal epithelial cells (IECs), one of the evolutionary most
ancient innate immune cell populations, orchestrate the
mutualistic relationship between the host and the intestinal
microenvironment.”’ To study the effects of tofacitinib on
IECs, colonic organoids were prepared form tissue biopsies

Figure 1. (See previous page). Tofacitinib suppresses T cell proliferation. (A) Proliferation of pan T cells stimulated with
aCD3/aCD28 in the absence or presence of the indicated tofacitinib concentrations, measured by WST-1 assay. (B) Cellular
appearance of «CD3/aCD28-stimulated pan T cells with (right) or without (left) tofacitinib in the FSC and side scatter (SSC)
channels. (C, D) Representative flow cytometry plots showing CD4" to CD8™ ratios (C) in pan T cells treated with tofacitinib,
which was summarized in a graph that includes (D) unstimulated control subjects. (E, F) Proliferation analysis of tofacitinib-
treated (red) or control-treated (black) pan T cells showing CFSE staining patterns of CD4"/CD45RO™" and CD4'/CD45RA™"
cells as well as CD81/CD45RO™" and CD8"CD45RA™ cells. Representative flow cytometric (FC) plots are depicted below the
respective histograms. Differences were analyzed by ordinary 1-way analysis of variance followed by Bonferroni’s multiple
comparisons test. *P < .05; *P < .01; **P < .001; ***P < .0001. Tofa, tofacitinib; WST, water soluble tetrazolium salt.
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Figure 2. Statistics for prolifer-
ation data. (A) Statistical data
from the CFSE proliferation ex-
periments of different T cell sub-
sets, with vehicle-treated cells on
the left and tofacitinib treated
cells on the right. (B) Statistical
summary of the proliferation index
displayed as a graph. (C) Statisti-
cal summary of the division index
displayed as a graph. All bars
represent means and symbols
represent individual values. Dif-
ferences between vehicle-treated
and tofacitinib-treated cells were
calculated by multiple t tests.
P < .0001.

New Aspects of Tofacitinib in IBD

387

CD4'/CD45R0O’
100 Number of Peaks: 5,00 100 = Number of Peaks: 5,00
] Undivided Root Mean Squared: 4,80 Undivided Root Mean Squared: 5,14
divided Peak Median: 734 Undivided Peak Median: 725
I ] Un I |
Peak CV: 9,24 80 = Peak CV: 6,83
Peak Ratio: 0,46 Peak Ratio: 0,48
—- Background: 3953 — Background: 7393
g Proliferation Index: 2,47 g 60 = Proliferation Index: 1,73
Division Index: 2,46 Division Index: 1,28
(=} Percent Divided: 99,9 ] Percent Divided: 73,9
= Expansion Index: 6,66 = 40 Expansion Index: 3,16
Replication Index: 6,66 Replication Index: 3,93
Std.Deviation: 0,85 Std.Deviation: 0,91
Undivided: 4,78 20 - Undivided: 1301
Generation 1: 1099 Generation 1: 3268
Generation 2: 6907 Generation 2: 5897
4 Generation 3: 11083 Y 1 . r . G ion 3: 3841
5 6 Generation 4: 9103 5 6 Generation 4: 1429
0 10 10 0 10 10
CFSE-FITC CFSE-FITC
+
Ch4’/C
100 = Number of Peaks: 5,00 100 Number of Peaks: 5,00
1 Undivided Eozt F{Le?sqiaﬁdij_ov% Undivided ‘RJO? “{Lef;n:qfﬁd;?ﬁ&
— ndivided Peak Median: 721 — ndivided Peak Median: 706
Peak CV: 8,42 80 = Peak CV: 5,23
Peak Ratio: 0,47 Peak Ratio: 0,47
- Background: 5752 —- Background: 12058
© Proliferation Index: 2,97 @ 60 = Proliferation Index: 1,31
T Division Index: 2,70 ° Division Index: 0,63
(=} Percent Divided: 90,8 o Percent Divided: 48,0
= Expansion Index: 8,33 = 40 = Expansion Index: 1,83
Replication Index: 9,07 Replication Index: 2,73
Std.Deviation: 0,65 Std.Deviation: 0,62
Undivided: 30,0 20 4 Undivided: 492
Generation 1: 23,4 Generation 1: 666
Generation 2: 268 Generation 2: 412
4 Generation 3: 1079 Y . T e G ion 3: 131
5 6 Generation 4: 1309 5 6 Generation 4: 31,8
0 10 10 0 10 10
CFSE-FITC CFSE-FITC
+
cDg’/C
100 Number of Peaks: 6,00 100 Number of Peaks: 6,00
1 Undivided Root Mean Squared: 5,07 Undivided Root Mean Squared: 0,83
H Undivided Peak Median: 670 H Undivided Peak Median: 705
Peak CV: 6,82 80 = Peak CV: 6,48
Peak Ratio: 0,60 Peak Ratio: 0,52
Background: 0 — Background: 4693
Proliferation Index: 2,56 g 60 = Proliferation Index: 2,13
Division Index: 2,41 Division Index: 1,64
Percent Divided: 94,1 <] Percent Divided: 77,1
Expansion Index: 8,04 = 40 - Expansion Index: 4,35
Replication Index: 8,49 Replication Index: 5,35
Std.Deviation: 1,16 Std.Deviation: 0,87
Undivided: 50,5 20 = Undivided: 132
Generation 1: 322 Generation 1: 237
Generation 2: 1117 Generation 2: 725
e 3 y . Generation 3: 1336 o . . S G ion 3: 944
5 6 Generation 4: 2153 5 6 Generation 4: 438
0 CFSE‘OFITC 10 Generation 5: 1863 0 CFSE‘OFITC 10 Generation 5: 42,8
CcD8'/
100 = . Number of Peaks: 5,00 100 = - Number of Peaks: 5,00
1 Undivided Root Mean Squared: 7,61 Undivided Root Mean Squared: 0,91
I 4 Undivided Peak Median: 817 Undivided Peak Median: 721
Peak CV: 7,78 80 < Peak CV: 3,94
Peak Ratio: 0,30 Peak Ratio: 0,48
Background: 16981 —_ Background: 8760
Proliferation Index: 3,32 _g 60 = Proliferation Index: 1,26
Division Index: 3,15 Division Index: 0,37
Percent Divided: 94,9 o Percent Divided: 29,3
Expansion Index: 10,9 =, Expansion Index: 1,47
Replication Index: 11,4 Replication Index: 2,59
Std.Deviation: 0,55 Std.Deviation: 0,67
Undivided: 36,3 20 4 Undivided: 1175
Generation 1: 48,7 Generation 1: 752
Generation 2: 343 Generation 2: 389
» Generation 3: 1687 0 . T o Gt ion 3: 108
5 6 Generation 4: 5614 5 6 Generation 4: 15,5
0 10 10 0 10 10
CFSE-FITC CFSE-FITC
B 4 C 4
n
o3 L] 33 []
£ u ] 1] L ¥ L » =
c » £ = []
'g 2 52
© ] 2
] 7]
2 =
B 1 81
: | | ]
Tofa - + - + - + - + Tofa - + - + - + - +
CD4/CD8 4 4 4 4 8 8 8 8 CD4/CD8 4 4 4 4 8 8 8 8
CD45RA/RO RO RO RA RA RO RO RA RA CD45RA/RO RO RO RA RA RO RO RA RA



388 Texler et al

of patients with ulcerative colitis and healthy control sub-
jecs. Intestinal crypts were isolated from the biopsies and
cultured into 3-dimensional (3D) organoids with Matrigel
and specific growth media. Because intestinal organoids
form a closed 3D structure, they were reseeded as mono-
layers to allow stimulation of the apical side of the cells.
Monolayers were analyzed unstimulated, with TNF-« stim-
ulation as well as with TNF-« stimulation and tofacitinib
treatment (Figure 7D). IECs from UC patients demonstrated
an increased baseline proinflammatory tone, as indicated by
elevated baseline IL-8 expression and a disposition to react
to TNF-a stimulation. Both in IECs from UC patients
and healthy control subjects excess TNF-a and IL-8 pro-
duction was significantly suppressed by tofacitinib
(Figure 7D).

Tofacitinib Ameliorates Inflammation in the DSS

Model of Experimental Colitis

To verify the in vitro human findings within the com-
plex environment of a living organism’s colon, we next
performed a DSS colitis model in female BALB/c mice that
received 30 mg/kg tofacitinib twice a day in a therapeutic
setting starting from day 4. The experimental outline is
illustrated in Figure 8A. As control subjects served rodents
without DSS again with or without tofacitinib. Within DSS-
treated animals tofacitinib-treated mice tended to have a
lesser weight loss and to recover quicker than vector-
treated animals (Figure 8B). Accordingly, the difference
between the colon lengths—DSS-induced shortening of the
colon is considered a hallmark of this model*'—was not
statistically different (Figure 8C). However, treatment with
tofacitinib resulted in a significant reduction in the his-
tologic severity of colitis which was further corroborated
by a strong reduction of the fecal inflammatory biomarker
lipocalin 2,%? that both returned to near control levels
(Figure 8D and E). Additionally, we could show on mouse
tissue sections that pSTATS3 is significantly increased upon
DSS exposure, which is almost reduced to baseline levels
under tofacitinib therapy (Figure 9E). To confirm tofaci-
tinib’s effects on the Th cell compartment, we isolated
colonic lamina propria cells and studied alterations in the
distributions of Th1, Th2, Th17, and regulatory T cells by
flow cytometry. As summarized in Figure 8F, treatment
with DSS did not result in an expansion of CD4"/IFNy ™/
T-bet™ Th1l and CD4"/IL4"/GATA3" Th2 cells. Nonethe-
less, tofacitinib significantly reduced the proportion of Th1
and Th2 cells both in the steady state and after DSS
exposure. Interestingly, DSS treatment resulted in a sig-
nificant increase in CD4%/IL17A"/RORyt" T cells. This
expansion was completely blocked by tofacitinib which
did not affect the Th17 pool in the steady state
(Figure 8F). Tofacitinib had no effect on CD4"/CD25%/
FoxP3" regulatory T cells (Figure 8F). Another interesting
aspect is related to a potential reciprocal influence be-
tween the xenobiotic nucleoside tofacitinib and the gut
microbiome. This aspect is supported by recent data
showing that certain nucleoside analogues are metabo-
lized by microbial enzymes,”®> and secondly dietary
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nucleoside are capable of altering gut microbial composi-
tions.”* Expectedly, we observed strong DSS-induced al-
terations in the composition of the colonic microbiota.
However, tofacitinib—during the short period of 3.5 days
in our experimental setup—did not affect alpha or beta
diversity neither in the steady state nor after DSS expo-
sure based in 16S ribosomal DNA signatures (Figure 8G-I,
Figure 94-D).

Tofacitinib Pharmacokinetics Is Influenced by
Inflammation

So far, little is known about a potential impact of sys-
temic or local inflammation on the pharmacokinetics
of tofacitinib, particularly in the context of intestinal
inflammation. Thus, in a first step, we determined
tofacitinib concentrations in mouse sera by liquid
chromatography-tandem mass spectrometry (LC-MS/MS).
The experimental setup is outlined in Figure 10H. Inter-
estingly, we observed elevated circulating concentrations of
tofacitinib in DSS-treated animals compared with water-
treated control subjects (Figure 104). To test if this effect
could be explained by a reduced tofacitinib excretion, tofa-
citinib was next measured in urine and stool samples. As
shown in Figure 104, tofacitinib levels were comparable in
both the urine and the stool of DSS- vs control-treated an-
imals. To assess whether an increased tofacitinib uptake
could explain elevated serum concentrations, we deter-
mined tissue concentrations in duodenal, ileal, proximal,
and distal colonic scrapings. Tissue concentrations of tofa-
citinib were largely comparable along the gastrointestinal
axis with an exception in the ileum where mucosal tofaci-
tinib concentrations were higher in DSS-treated than in
water-treated rodents (Figure 10B). As drug metabolism is
known to be susceptible to perturbation by mediators of
acute and chronic inflammation, we correlated serum tofa-
citinib concentrations with colonic histologic disease
severity. This resulted in an extraordinarily strong correla-
tion (R® = 0.818, P < .0001) suggesting an association with
intestinal inflammation (Figure 10C). Figure 10D highlights
additional correlations between various tofacitinib concen-
trations and inflammatory parameters, namely histologic
disease activity and fecal lipocalin 2. Numerous compounds
have been shown to be preferentially taken up by inflamed
cells and tissues. To study tofacitinib uptake by white blood
cells, we first assessed the steady state uptakes of periph-
eral blood mononuclear cell (PBMCs) of 7 different donors.
As demonstrated in Figure 10E, we found relevant fluctua-
tions in steady-state uptakes between the different donors.
From a structural perspective tofacitinib represents an ATP
analogue. Thus, we hypothesized that tofacitinib may utilize
equilibrative nucleoside transporters (ENTs) to facilitate its
cellular entrance.”” As shown in Figure 10F, tofacitinib up-
take was indeed significantly increased after LPS stimula-
tion, and this effect was abrogated by incubation with a
combination of ENT inhibitors. In support of such a mech-
anism we show that the expression of ENT1 and ENT2 were
induced by LPS irrespectively of the presence of ENT in-
hibitors. Additionally, we could also show an increase in
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ENT1 expression with immunohistochemistry (IHC) staining Dijscussion
on mouse tissue in the DSS group (Figure 9D). Figure 10H,
lower panel, graphically summarizes the latter findings.
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Herein we describe distinct effects of the JAK1/JAK3
inhibitor tofacitinib on cells of the innate and adaptive
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immune system. Specifically, tofacitinib interfered with the
proliferation of naive and effector or memory cytotoxic and
helper T cells. Tofacitinib strongly suppressed Thl and
Th17 differentiation and effector function while showing
only a minor effect on Th2 and Treg biology. Furthermore,
at higher concentrations, tofacitinib impacted on primary
cells of the innate immune system including monocytes,
macrophages, and human intestinal epithelial organoids.
Tofacitinib skewed monocyte and macrophage function to-
ward a regulatory M2 phenotype. Most in vitro effects were
reproducible in an experimental model of colitis and a
detailed pharmacokinetic workup revealed a relevant
impact of intestinal inflammation on systemic and tissue
pharmacokinetic of tofacitinib. Finally, we identified
ENTs—which are upregulated in activated immune
cells—as promotors of cellular tofacitinib uptake, a mech-
anism pharmacologically accessible by specific inhibitors.

Historically, CD and UC have been characterized as
prototypic Th1l- and Th2-mediated diseases.”® Based on
genetic and molecular studies, today, immune-mediated
diseases range on a continuum from autoimmunity to
autoinflammation with IBD categorized as a polygenic
autoinflammatory disorder.”” As a JAK1 and JAK3 inhibitor,
tofacitinib is likely to affect both innate and adaptive im-
mune signaling. Lethality observed with JAK1 genetic abla-
tion and marked defects in T cell development observed in
JAK3 knockout animals underscores the importance of these
receptor kinases.'" In line with previously published data,?®
we observed a strong suppression of primary Th1 and Th17
responses. However, in our hands, the effects on Th2 and
particularly regulatory T cells responses were less pro-
nounced. Moreover, we demonstrated that besides its effect
on the differentiation of naive CD4" T cells, tofacitinib
strongly suppresses effector functions of differentiated
effector Th cells. An impact of tofacitinib on VZV-specific
CD4" T cells has been suggested to contribute to the risk
for Herpes zoster virus infections,?’ which could be further
aggravated by suppression of specific cytotoxic T cells as
supported by our data.

Monocytes and macrophages are increasingly recog-
nized as important gatekeepers of intestinal immune ho-
meostasis.’’ Polarization of macrophages toward M2
emerges as a relevant anti-inflammatory mechanism in
experimental models and in humans.>?! Indeed, several
studies reported tofacitinib-induced monocyte and macro-
phage polarization toward a regulatory phenotype.*** We
complement this information by showing that tofacitinib

Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 2

inhibits M1 and promotes M2 macrophage differentiation,
yet in differentiated macrophages, tofacitinib suppresses
effector cytokines in LPS-stimulated M1, but not in MO or
M2 macrophages. Another important innate gut immune
cell, namely the IEC, orchestrates the first line of defense
against luminal contents.”* By generating colonic organoids
from UC patients and healthy control subjects, we demon-
strated that tofacitinib suppresses TNF-a-induced produc-
tion of proinflammatory cytokines rendering IECs an
additional tofacitinib cellular target. To reproduce these
findings within the context of a living organism DSS-treated
wildtype animals received tofacitinib twice a day in a ther-
apeutic manner. In contrast to previously published data,®
tofacitinib significantly ameliorated DSS colitis with respect
to histologic disease activity and the fecal biomarker lip-
ocalin 2. In contrast to other models of experimental colitis, T
and B cells are not required for DSS colitis.*' However, DSS
induced a Th17 response that was entirely suppressed by
tofacitinib. Furthermore, tofacitinib suppressed steady-state
activity of Thl and Th2 cells but did not affect regulatory
T cells.

From a structural perspective tofacitinib represents a
pyrrolo-pyrimidine mimicking the nucleotide ATP. As it has
been demonstrated that dietary nucleosides may shape gut
microbial composition,”* and microbial enzymes even
contribute to drug pharmacokinetics of certain nucleoside
analogs,”® we studied the impact of tofacitinib on gut mi-
crobial compositions in the steady state and during intes-
tinal inflammation. Arguably, owing to the short treatment
duration, we could not observe significant effects on alpha-
or beta-diversity measures. On a taxonomic level, several
amplicon sequence variants were significantly affected
warranting further studies on long-term effects of tofacitinib
on the microbiome and vice versa.

Given the enormous body of data on the pharmacoki-
netics of therapeutic antibodies in IBD, the lack of data
regarding the pharmacokinetic properties of tofacitinib
during intestinal inflammation is surprising."® Thus, we set
up an LC-MS/MS based strategy to study systemic and tis-
sue concentrations of tofacitinib. We observed increased
tofacitinib serum concentrations in animals treated with
DSS. Given the fact that monoclonal antibodies are known to
be lost into the feces during intestinal inflammation,>® this
finding was counterintuitive. Strikingly, serum concentra-
tions strongly correlated with the severity of intestinal
inflammation. As tofacitinib concentrations were compara-
ble in the urine and the feces between DSS and vector

Figure 5. (See previous page). Tofacitinib suppresses the differentiation and activation of human Th1 and Th17 cells. (A)
Analysis of tofacitinib’s effect on Th1 differentiation showing IFNy production by ELISA and quantitative polymerase chain
reaction (QPCR) (top), flow cytometric (FC) analysis of CD4"/IFNy /T-bet™ cells (middle) and analysis of proliferation (CFSE) in
combination with IFN~y production (bottom). (B) Analysis of tofacitinib’s impact on Th17 differentiation studying IL-22 release
by ELISA and IL-17F production by gPCR (top), FC analysis of CD4"/IL-17A*/RORyt™" cells (middle), and analysis of prolif-
eration (CFSE) in combination with IL-17 production (bottom). (C) Analysis of tofacitinib’s effect on differentiated Th1 cells
showing IFNy production by ELISA and gPCR (top) and fluorescence-activated cell sorting analysis of CD4"/IFNy*/T-bet™
cells (bottom). (D) Analysis of tofacitinib’s effect on differentiated Th17 cells by measuring IL-22 release by ELISA and IL-17F
production by gPCR (top) and FC analysis of CD4"/IL-17A*/RORyt* cells (bottom). Differences were analyzed by ordinary 1-
way analysis of variance followed by Bonferroni’s multiple comparisons test and were normalized to the levels observed in
untreated control subjects. *P < .05; “*P < .01; **P < .001; ***P < .0001. AF, Alexa Fluor; BV, Brilliant Violet; Tofa, tofacitinib.
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Figure 6. Tofacitinib’s effect on differentiation and activation of Th2 cells. (A) Production of the Th2 effector cytokine IL-4
was studied by ELISA and quantitative polymerase chain reaction (top), flow cytometric analysis of CD4*/IL-4"/GATA3" cells
(middle) and analysis of proliferation (CFSE) in combination with IL-4 production (bottom). (B) Analysis of tofacitinib’s impact on
differentiated Th2 cells by IL-4 ELISA and quantitative polymerase chain reaction (top) and fluorescence-activated cell sorting
analysis of CD4"/IL-47/GATA3™" cells (bottom). gPCR data are shown as relative mMRNA expression. ILTofa, tofacitinib.

treated animals, we hypothesized that the observed increase
may originate from the interference of inflammatory medi-
ators with tofacitinib metabolizing enzymes, which has to be
substantiated in future studies.’® The sensitivity of our
diagnostic set-up further enabled us to study mechanisms
associated with the cellular uptake of tofacitinib. Already in
the steady state, we observed a marked variation of spon-
taneous tofacitinib uptake into leukocytes. This steady-state
uptake was significantly enhanced after stimulation with
LPS. Based on the structural relationship with ATP, we hy-
pothesized that tofacitinib may utilize the same adenosine
cell membrane transporters.”” Strikingly, LPS stimulation
induced a significant upregulation of ENT1 and 2, and this
upregulation was blocked by specific ENT inhibitors high-
lighting an involvement of this transporter system in the
cellular delivery of tofacitinib and may even propose some
preference for activated immune cells.

In summary, we present a detailed analysis of the cell-
specific effects of the JAKi tofacitinib on innate and adap-
tive immunity. We identify intestinal inflammation as a
decisive modulator of the systemic pharmacokinetics of
tofacitinib in mice, which needs to be studied and confirmed
in humans. Finally, we decipher an important membrane
transport mechanism that regulates cellular uptake of
tofacitinib into activated immune cells, suggesting a model
that explains a preferred uptake of tofacitinib into activated
immune cells and a potential starting point to interfere with
and channel such an uptake.

Materials And Methods

Human T Cell Experiments
PBMCs were isolated from healthy volunteer whole blood
samples using Lymphoprep (Axis Shield, Dundee, United
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Figure 7. Tofacitinib skews innate immune cells toward a more regulatory phenotype. (A) Quantification of proin-
flammatory (IL-6, TNF-«, C-X-C motif ligand 10 [CXCL10]) and anti-inflammatory (IL-10) cytokines produced by stimulated
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or without tofacitinib (B) from day 0 or (D) from day 6. Induction of proinflammatory cytokines (TNF-«, IL-8) was assayed in
intestinal organoid monolayers from UC patients (UC, left) or healthy control subjects (HC, right). Unstimulated organoids are
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Kingdom) according to the manufacturer’s instructions. Pan T
cells were isolated using a Pan T Cell isolation kit (Miltenyi
Biotec, Bergisch Gladbach, Germany), stimulated with «CD3/
aCD28 for 3 days in the presence of tofacitinib (10-500 nM)
or dimethyl sulfoxide and the proliferation was measured
using a WST-1 assay. For flow cytometric analyses, pan T cells
were stained with CFSE prior to stimulation with aCD3/
«aCD28 for 5 days in the presence of tofacitinib (10-500 nM)
or dimethyl sulfoxide. Human naive CD4 " T cells were isolated
from PMBCs using a naive CD4 " isolation kit (Miltenyi Biotec).
For cytokine and RNA measurements the cells were stimu-
lated with «CD3/aCD28 and IL-12 (Th1), IL-4 (Th2) or IL-6,
IL-18, TGF-B, and IL-23 (Th17) for 5 days. Tofacitinib or
dimethyl sulfoxide was either added at the start of the
experiment or after the differentiation (day 5) and cells were
restimulated with PHA. For flow cytometric analysis naive
CD4" T cells were stained with CFSE prior to differentiation as
mentioned above.

Human Monocyte and Macrophage Experiments
PBMCs were isolated from healthy volunteer whole
blood samples using Lymphoprep (Axis Shield) according to
the manufacturer’s protocol. Monocytes were isolated using
a CD14% MACS positive selection kit (Miltenyi Biotec). For
cytokine measurements monocytes were plated and stimu-
lated with 100 ng/mL LPS and 50 ng/mL IFNy for 24 hours
in the presence of tofacitinib (10-500 nM) or DMSO. For
macrophage differentiation experiments, monocytes were
differentiated with 25 ng/mL M-CSF for 6 days and then
polarized overnight to MO macrophages in the absence of
cytokines, M1 macrophages with 100 ng/mL LPS and
50 ng/mL IFNvy, or M2 macrophages with 20 ng/mL IL-4.
Tofacitinib or dimethyl sulfoxide treatment was added to
the cells either on day 0 or on day 6 of the experiments.

Human Intestinal Organoids

Human organoids were cultured from IEC isolates of
biopsy specimens retrieved from endoscopy of UC patients
and healthy control subjects using IntestiCult Organoid
Growth Medium (STEMCELL Technologies, Vancouver,
Canada) and a protocol adapted from the manufacturer’s
instructions. Briefly, biopsies were flushed with ice-cold
phosphate-buffered saline (PBS) and minced into small
pieces. Tissue was then transferred to Gentle Cell Dissoci-
ation Reagent (STEMCELL Technologies) and incubated at
4°C on a rocking platform for 30 minutes. After centrifu-
gation, crypts were transferred to 1 mL of ice-cold 1%

Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 2

bovine serum albumin/Dulbecco’s modified Eagle medium.
Crypts were dissolved by gentle mixing and passed through
a 70-um cell strainer. Crypts (n = 500) per well were
seeded in 50 uL Matrigel (BD, Franklin Lakes, NJ; 356231)
on a prewarmed 24-well plate and allowed to solidify for 10
minutes at 37°C, after which 500 uL IntestiCult Growth
Medium supplemented with 100 U/mL penicillin and 100
ug/mL  streptomycin  (Biochrome, Cambridge, United
Kingdom, 0257F) was added. Medium was exchanged 3
times per week and organoids passaged with a split ratio of
1:6 every 7-14 days. For monolayers, organoids (24-well
plate) were harvested, disrupted, trypsinized, washed, and
seeded in a 96 well plate, precoated with 5% Matrigel.
When the organoid monolayers had reached a confluence of
>80%, the medium was changed to Dulbecco’s modified
Eagle medium/F12 and after 1 hour cells are stimulated
with 50 ng/mL TNF-« for 6 hours in the presence of Tofa-
citinib or dimethyl sulfoxide.

Flow Cytometric Analysis of Human T Cells

The respective cells were stained with CFSE prior to
differentiation or stimulation. At the end of the experiment
cells were stimulated with PHA for 4 hours in the presence
of monensin (BD GolgiStop; BD, Franklin Lakes, NJ) and
brefeldin A (BD GolgiPlug). Cells and OneComp eBeads
(eBioscience) were stained with respective antibodies and
isotype control subjects according to standard procedures
for combined intracellular/surface stainings. Typically,
100,000-600,000 cells were analyzed using a CytoFLEX S
(Beckman Coulter, Brea, CA) and Flow]o Software version
10.6 (FlowJo, Ashland, OR). Antibodies are outlined in
Table 1 (human) and Table 2 (mouse).

Preparation of Mouse Intestinal Single Cells for
Flow Cytometry

Mice were sacrificed and colons harvested, flushed with
ice-cold ,PBS and cut longitudinally. Tissue was minced
followed by a 90-minute digestion period at 37°C on a
shaking platform in RPMI + 0.5% bovine serum albumin
containing 128 U/mL collagenase IV (C1889; Sigma, St
Louis, MO) and 10 U/mL DNAse II (Sigma D8764). After
straining and washing, the intestinal cells were spun down,
split in 2 parts, and resuspended in complete medium and
stimulated with PHA for 4 hours (adaptive panel) or
resuspended in FACS Buffer (innate Panel). Cells and One-
Comp eBeads (eBioscience, San Diego, CA) were stained
with respective antibodies and isotype control subjects

Figure 8. (See previous page). Tofacitinib ameliorates DSS colitis. (A) Experimental outline used for the DSS colitis model.
(B) Time-resolved weight changes during the DSS model. (C) Assessment of colon lengths in control and DSS-treated animals
with or without tofacitinib. (D) Representative histology (left) histologic scoring (right) in DSS- or water-treated animals
receiving tofacitinib or vector control. The scale bars indicate 50 um. (E) Quantification of fecal Lcn2 by ELISA. (F) Flow
cytometry based analysis of Th cell subpopulations in the inflamed gut of the experimental animals with or without tofacitinib
treatment. (G-/) Microbiome analysis including (G) Chao1 and Shannon indices as «-diversity measures, (H) G-diversity using
Bray-Curtis dissimilarity, and (/) differences in the taxonomic compositions, of tofacitinib- and vector-treated animals with or
without DSS exposure. In B, Differences were calculated by multiple t tests. For C-E, 1-way analysis of variance followed by
Bonferroni’s multiple comparisons test and for F, a Kruskal-Wallis test was used. *P < .05; **P < .01;***P < .001; ***P < .0001.
BID, twice per day; Ctrl, Control; DSSLAC, Lachnospiraceae; Lcn, lipocalin; NMDS, nonmetric multidimensional scaling; Tofa,

tofacitinib.
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according to standard procedures for combined intracel-
lular/surface stainings. Typically, 100,000-600,000 cells
were analyzed using a CytoFLEX S (Beckman Coulter) and
FlowJo Software version 10.6.

Fluorescence-Activated Cell Sorting Gating
Strategy

The gating strategy for analyzing differentiation and
proliferation of T cells and for the mucosal cellular infiltrate
is outlined in Figure 3. Briefly, cells were gated using for-
ward scatter (FSC)/side scatter characteristics. Singlets
were selected by comparing FSC height and FSC area.
Neutrophils were identified as CD45%, Lin1~ (Lin1=CD3,
CD19, CD49b, DAPI), and Ly6G™ cells. Macrophages were
identified by CD45™, Lin1~, Ly6G~, CD11b*, and MertK".
Monocytes were characterized by CD45%, Linl ™, Ly6G~, and
Ly6Chi. Dendritic cells were characterized by CD45™, Lin1~,
Ly6G~, CD11c", and MHCII*. Eosinophils were character-
ized by CD45™, Lin1~, Ly6G~, CD11c*, and SiglecF*. Th cells
were identified by Lin2™ (Lin2=CD11c, F4/80, Ly6G, DAPI),
CD3%, CD197, CD4™. Cytotoxic T cells were identified by
Lin2~, CD3%, CD197, CD8™. B cells were defined as Lin2~,
CD37, and CD19™. NK cells were identified by Lin2™, CD3"7,
CD19", and NK1.1".

Enzyme-Linked Immunosorbent Assay

For the analysis of cytokine production in cell culture
supernatants the following commercially available enzyme-
linked immunosorbent assay (ELISA) kits have been used
according to the manufacturers’ instructions: Human IL-22
DuoSet ELISA (DY782), Human TNFa DuoSet ELISA
(DY210), Human IL-6 DuoSet ELISA (DY206), Human IL-10
DuoSet ELISA (DY217B), and Human CXCL10/IP-10 DuoSet
ELISA (DY266) from R&D Systems (Minneapolis, MN) and
BD OptEIA Set Human IFN-y (555142) and BD OptEIA Set
Human IL-4 (555194) from BD Biosciences. For the FLCN2
ELISA the stool was diluted in PBS at a concentration of 50
mg/mL, homogenized by vortexing for 5 minutes, and
centrifuged for 10 minutes at 3000 g, and the supernatant
was stored at -20°C until analyzed. FLCN2 was assayed
using the Mouse Lipocalin-2/NGAL DuoSet ELISA (DY1857;
R&D Systems). The samples were diluted as required and
results calculated from the standard curve.

Gene Expression Analysis

Cells were homogenized by vigorous pipetting using Tri
Reagent (Invitrogen, Waltham, MA). RNA extraction was
carried out according to the manufacturer’s instructions.
Total RNA concentration was quantified at 260 nm right
after isolation, using a Nanodrop 1000 (Peqlab, Erlangen,
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Germany). RNA was converted to complementary DNA using
an M-MLV reverse transcriptase in combination with hex-
amer primers (Thermo Fisher Scientific, Waltham, MA). The
complementary DNA sequences were amplified by polymer-
ase chain reaction using gene-specific primers in combination
with SYBR-green chemistry. For denaturation, primer
annealing and elongation, the following polymerase chain
reaction conditions were chosen: 95°C for 2 minutes followed
by 45 cycles of 95°C for 30 seconds, Ty, for 30 seconds, and
72°C for 30 seconds. T, was adjusted for each primer pair.
Data were analyzed with Stratagene’s MxPro software
(Stratagene, San Diego, CA). Relative expressions were
calculated using the delta C; method, using actin-beta as a
housekeeping gene. The primers used are outlined in Table 3.

Animal Studies and Colitis Induction

BALB/c mice were bred and maintained under specific
pathogen-free conditions at the animal facility of the Medi-
cal University Innsbruck. All experiments were approved by
the Austrian Ministry of Science and Research (BMBWF-
66,011/0097-V/3b/2019). The DSS colitis model was per-
formed as previously described.*’ Briefly, acute colitis was
induced in 8-week-old female BALB/c mice with 5% DSS
(MP Biomedicals, Solon, OH, MW 36,000-50,000) ad libitum
for 5 consecutive days, followed by a tap water period until
the end of experiments. Control mice received tap water
during the entire study period. Mice were orally gavaged
30 mg/kg bodyweight tofacitinib (MedChemExpress, Mon-
mouth Junction, NJ], HY-40354A) or vehicle control (0.5%
methylcellulose; Sigma, St Louis, MO, M0387) twice daily in a
therapeutic manner starting on day 4 until the end of exper-
iments. Disease activity and body weight was monitored on a
daily basis. At the end of the experiment, mice were eutha-
nized, stool and blood samples were collected, and intestinal
tissue was removed and flushed with ice-cold PBS. For
mucosal scrapings, intestinal tissue was opened longitudinally,
scraped with glass slides, and immediately snap-frozen into
liquid nitrogen. For IHC, colons were fixed in 10% buffered
formalin and further transferred into an automatic tissue
processor. For flow cytometric analysis 2 cm of colon were
collected and stored in RPMI medium until further analysis.

Histological Procedures and Scoring

A total of 5 um formalin-fixed, paraffin-embedded tissue
sections were stained with hematoxylin and eosin and Slides
were scanned on an IntelliSite Ultra-Fast Scanner (Philips
digital pathology; Philips Healthcare, Best, the Netherlands),
examined with a CaseViewer software module (3DHISTECH,
Budapest, Hungary) in a blinded fashion. Histology scores

Figure 9. (See previous page). Microbiome studies and IHC. (A) Procession of the input reads throughout the dada2
workflow of the microbiome analysis. (C) Analysis of g-diversity using unweighted (left) or weighted Unifrac analysis. (C)
Depiction of all significant log2 fold changes in taxonomic abundance from different taxonomic levels. (D) Representative IHC
stainings of ENT1 on mouse tissue section of DSS- and vehicle-treated animals in the presence or absence of tofacitinib (left)
with the quantification displayed as graph (right). (E) Representative IHC stainings of pSTAT3 on mouse tissue section of DSS-
and vehicle-treated animals in the presence or absence of tofacitinib (left) with the quantification displayed as graph (right). dF,
denoised forward; dR, denoised reverse; NMDS, nonmetric multidimensional scaling.
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Table 1.Human Antibodies Used for Flow Cytometry

Specificity Fluorophore Clone Purpose Company
CD3 APC-Cy7 UCHT1 T cells BiolLegend
CD4 PE SK3 T helper cells BioLegend
CD8 PerCP HIT8a Cytotoxic T cells BiolLegend
CD45 BV785 2D1 Leukocytes BioLegend
CD45RA PE-Cy7 HI100 naive/resting T cells BioLegend
CD45R0O APC UCHCA1 activated/memory T cells BioLegend
CD45RO PE-Dazzle 595 UCHC1 activated/memory T cells BiolLegend
CFSE FITC N/A Proliferation BiolLegend
GATA3 APC 16E10A2 TF Th2 cells BioLegend
IFNy BV421 4S.B3 Th1 Cytokine BioLegend
IL-4 PerCp-Cy5.5 MP4-25D2 Th2 Cytokine BioLegend
IL-17A AF700 BL168 Th17 Cytokine BioLegend
Live/Dead Violet 510 N/A Viability Tonbo Bioscience
RORyt PE AF-KJS-9 TF Th17 cells eBioscience
T-bet BV 605 4B10 TF Th1 cells BioLegend

were assessed using a semi-quantitative score as previously
described.*’

IHC Analysis

A total of 5 um formalin-fixed, paraffin-embedded tissue
sections were processed for IHC according to the manu-
facturer’s protocol. Briefly, tissue sections were deparaffi-
nized and rehydrated and subsequently underwent antigen
unmasking with a citrate buffer for 30 minutes in a steamer
and 20 minutes at room temperature. Next, we performed
peroxidase blocking and protein blocking steps and incu-
bated the slides with the primary antibody for 1 hour at
room temperature. Following a 30-minute incubation with
the second antibody, the slides are developed with the
substrate and counterstained with hematoxylin. Finally,
sections are dehydrated, mounted in Eukitt, and scanned on
an IntelliSite Ultra-Fast Scanner (Philips digital pathology).
The appropriate scans are then analyzed with a CaseViewer
software module (3DHISTECH), and positive cells are
quantified with a script written in octave.

Microbiome Screening (16S Sequencing)

Amplicon-based sequencing was performed on an Illu-
mina Miseq device with V3 chemistry using the 8F-YM/

517R primer pair to amplify the V1-V3 regions of the bac-
terial 16S rRNA fragment (5'-AGAGTTTGATYMTGGCTCAG-
3’ and 5-ATTACCGCGGCTGCTGG-3'; expected amplicon size
510 bp). Sequences were demultiplexed and further pro-
cessed using DADA2 according to the published workflow.*’
Reads were trimmed at a length of 295 and 285 for the F-
and R-read respectively after removing primers. A
maximum rate of expected errors of 2 and 4 were accepted
for the F- and R-reads, respectively. Error rates were
learned and absolute sequence variants inferred as
demonstrated in the DADA2 tutorial (https://benjjneb.
github.io/dada2 /tutorial.htmL). F- and R-Reads were then
merged and sequence table was generated which included
17829 unique sequences. Chimera were removed using the
removeBimeraDenovo command in DADA2. The overall
chimera rate was 22%, resulting in a total number of 2652
nonchimeric sequences. Taxonomic information including
the species level was assigned using the pretrained classifier
based on the SILVa v138 database.*® A phylogenetic tree
was generated using the DECIPHER®® and phangorn®® R
packages. Prior to statistical analysis, amplicon sequence
variants (ASVs) classified as mitochondria or chloroplasts as
well as singleton ASVs were removed. Metagenomics anal-
ysis was performed using phyloseq,*’ assessing measures of
a-diversity (Shannon and Chaol indices) and g-diversity

Figure 10. (See previous page). Systemic and cellular pharmacokinetics of tofacitinib. (A, B) Quantification of tofacitinib
(A) in serum, urine, and stool samples and (B) in the mucosa of various intestinal sections analyzed by LC-MS/MS analysis. (C)
Correlation of serum tofacitinib levels with colonic histologic inflammation. (D) Correlation matrix of various tofacitinib con-
centrations along with colonic histology and fecal Lcn2 levels. (E) Steady-state tofacitinib uptake into PBMCs from healthy
volunteers. (F) Comparison of tofacitinib uptake at baseline and after stimulation with LPS in the presence or absence of the
nucleoside transport inhibitors NBMPR and dipyridamole. (G) Analysis of the mRNA expression of the equilibrative nucleoside
transporters (ENTs) 1 and 2 with or without stimulation. (H) The experimental setup of the LC-MS/MS studies (top). A proposed
mechanism regulating tofacitinib cellular uptake (bottom). Differences in A and B were calculated using a 1-way analysis of
variance followed by Bonferroni’s multiple comparisons test. Correlations in C and D were calculated using the Pearson
correlation coefficient. For F, a Kruskal-Wallis test was performed, and for G, a Mann-Whitney test between unstimulated and
stimulated samples was used. *P < .05; *P < .01; **P < .001; ***P < .0001. D, donor; dColon, distal Colon; DPI, dipyr-
idamole; Duod, duodenum; fLcn2; fecal lipocalin 2; NBMPR, nitrobenzylthioinosine; pColon, proximal Colon.
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Table 2.Mouse Antibodies Used for Flow Cytometry

Specificity Fluorophore Clone Purpose Company
CD3 eFluord50 17A2 T cells eBioscience
CD3 superbright600 145-2C11 T cells eBioscience
CD4 AF700 RM4-5 T helper cells BiolLegend
CD4 APC-eFluor780 GK1.5 T helper cells eBioscience
CD8 FITC 53-6.7 Cytotoxic T cells BD Bioscience
CD8 PB 558106 53-6.7 BD Bioscience
CD11b APC-Cy7 M1/70 Macrophages eBioscience
CD11b PerCP M1/70 Macrophages eBioscience
CD11c PE N418 Dendritic cells eBioscience
CD11c eFluord50 N418 Dendritic cells eBioscience
CD19 eFluor450 eBio1D3 B cells eBioscience
CD19 PE-Cy7 6D5 B cells eBioscience
CD25 PE-Cy7 PC61 regulatory T cells BioLegend
CD45 FITC 104 Leukocytes eBioscience
CD45 APC 30-F11 Leukocytes BiolLegend
CD45 APC-Cy7 30-F11 Leukocytes BioLegend
CD49b eFluor450 DX5 NK cells eBioscience
F4/80 PE-eF610 BM8 Macrophages eBioscience
F4/80 eFluor450 BM8 Macrophages eBioscience
FoxP3 FITC FJK-16s TF Tregs eBioscience
GATA3 AF647 16E10A23 TF Th2 cells BioLegend
GR1 eFluord50 RB6-8C5 Myeloid Cells eBioscience
IFNy PE-Cy7 XMG1.2 Th1 Cytokine BD Bioscience
IL-4 PE 11B11 Th2 Cytokine BiolLegend
IL-17A AF488 TC11-18H10 Th17 Cytokine BD Bioscience
Live/Dead DAPI N/A Viability BioLegend
Live/Dead Violet 510 N/A Viability Tonbo Bioscience
Ly6C PerCP-Cy5.5 HK1.4 Monocytes eBioscience
Ly6G superbright600 RB6-8C5 Neutrophils eBioscience
MertK PE-CY7 DS5MMER Macrophages eBioscience
MHCII AF700 M5/114.15.2 APCs eBioscience
NK1.1 PE PK136 NK cells BioLegend
ROR~yt APC AFKJS-9 TF Th17 cells eBioscience
SiglecF (CD170) eF660 1RNM44N Eosinophils eBioscience
T-bet PE eBio4B10 TF Thicells eBioscience
TNF-a PerCP-Cy5.5 MP6-XT22 Th1 Cytokine BioLegend

Table 3.Sequences of Quantitative Polymerase Chain Reaction Primer Pairs

401

Primer Name Forward Sequence Reverse Sequence Tm
Actin-g TGGAAGAGTGCCTCAGGGC GAAGAGCTACGAGCTGCCTGA 60°C
ARG1 TGGACAGACTAGGAATTGGCA CCAGTCCGTCAACATCAAAACT 56°C
IFNy GTGGCCCGGATGTGAGAAG GGAGCCCTTGTCGGATGATG 62°C
IL-4 TCGGTAACTGACTTGAATGTCCA TCCTTTTTCGCTTCCCTGTTTT 60°C
IL-8 TGTCACTGCAAATCGACACCT TCTGCTCTGTGAGGCTGTTC 60°C
IL-10 ACTGAGAGTGATTGAGAGTGGAC AACCCTCTGCACCCAGTTTTC 60°C
IL-17F CTGCACCAGACCATGCTTCA TCTTCAGAAATGTCAGCGCGT 60°C
iNOS GGGAGAACCTGAAGACCCTCA TGCTCTTGTTTTCACAGGGAAG 60°C
SLC29A1 (ENT1) ATGGCCCTGTGCCTTAGTAGT AGCTTTGCATTCATGGTCTTGA 60°C
SLC29A2 (ENT2) GAGGAGCTGGTCAACATCAAC GCTCCATACCATGCTGCCA 60°C
TNF-« ATGACAGTGAAGACCCTGCAT TTGGGGATTTTCCGAGCTGC 60°C
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(Bray-Curtis dissimilarity, Weighted/Unweighted Unifrac).
Diversity measures were compared between tofacitinib- and
vehicle-treated groups separately for the DSS-exposed and
the control mice using Student’s t test (for «-diversity) or
Permanova (for @-diversity; implemented in the vegan
package).”” Abundance of ASVs was compared statistically
using a negative binomial model implemented in the R
package DESeq2."*** In silico prediction of metagenome
function was carried out using PICRUSt2*® on the ASV
reference sequences. Bioinformatics analysis was done in R
v4.0.2 (R Foundation for Statistical Computing, Vienna,
Austria), using the following general purpose packages:
tidyverse v1.3,%¢ Biostrings v2.56.0,*” rstatix v0.6.0,*°
ggpubr v0.4.0,*° cowplot v1.0.0,°° and ggsci v2.9.”"

Uptake Experiments

PBMCs were isolated from healthy volunteer whole
blood samples using Lymphoprep (Axis Shield) according
to the manufacturer’s protocol. The cells were plated in
12-well plates (15 x 10° cells/well). On the next day cells
were treated with 100 nM tofacitinib for 2 hours. After
tofacitinib treatment the cells were immediately put on
ice. The cells are washed with ice-cold PBS, scraped, and
collected. The cells were centrifuged for 10 minutes at 4°C
and 300 g and the pellet washed twice with ice-cold PBS.
Cell numbers were quantified by a LUNA automated cell
counter (Logos Biosystems) and the cell pellet was snap
frozen in liquid nitrogen for later analyses. For the uptake
inhibitor experiments, PBMCs were isolated as described
above and plated in 12-well plates (15 x 10° cells/well).
On the next day, cells were pretreated with LPS or a
vector control to be then exposed to 100 nM tofacitinib or
vector for 2 hours in the presence or absence of 1 uM
NBMPR, 10 uM dipyridamole, or a combination. The cells
were then harvested and processed as described
previously.

Liquid Chromatography-Tandem Mass
Spectrometry

Tofacitinib was quantified by LC-MS/MS. After the
addition of an isotope labeled internal standard 3C3-
tofacitinib (Clearsynth CS-0-10298), preanalytical workup
included “dilute-and-shoot” (urine samples), protein pre-
cipitation (serum samples), and chemical and mechanical
lysis (tissue and cell samples). Samples were analyzed on an
LC 1100 series HPLC system (Agilent, Waldbronn, Ger-
many) hyphenated to a QTRAP 4000 (Sciex, Herndon, VA)
mass spectrometer by monitoring specific precursor-to-
fragment ion transitions of tofacitinib and the internal
standard. Quantification was accomplished with linear
calibration models generated from analyzing donated
reference samples.

Reagents

The following reagents were used for cell stimulation,
differentiation or treatment:«CD3 (10 ug/mL; BioLegend,
San Diego, CA, 300438), a«CD8 (2 ug/mL; BioLegend,
302934), dipyridamole (10 uM, R&D, 0691), IFNy (20 ng/
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mL; PeproTech, Rocky Hill, NJ, 300-02), IL-18 (10 ng/mL;
PeproTech, 200-01B), IL-2 (10 ng/mL; PeproTech, 200-02),
IL-4 (20-25 ng/mL; PeproTech, 200-04), IL-6 (10 ng/mL;
PeproTech, 200-06), IL-12 (10 ng/mL; PeproTech, 200-12),
IL-23 (10 ng/mL; PeproTech, 200-23), ionomycin (10 ug/
mL; Sigma, 10634), LPS (20 ng/mL to 1 ug/mlL, Invivogen,
tlrl-3pelps), M-CSF (10-25 ng/mL; PeproTech, 300-25),
NBMPR (1 uM; R&D, 2924), PHA (4 ug/mL; Sigma, L1686),
PMA (1 pg/mL; Sigma, P1585), transforming growth factor
6 (1 ng/mL; Miltenyi, 130-095-067), TNF-« (50 ng/mL;
PeproTech, 300-01A), tofacitinib citrate (Tofa, 10-500 nM;
MedChemExpress, HY-40354A), SLC29A1/ENT1 antibody
(LSBio, #LS-B3385), and pSTAT3 antibody (Cell Signaling
Technology, Danvers, MA; 9145).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
8.1 software package (GraphPad Software, San Diego, CA),
Excel 2016 (Microsoft, Redmond, WA), and Flow]o software
version 10.6. Differences between multiple groups were
analyzed using 1-way analysis of variance with Bonferroni’s
post tests for multiple comparisons of parametric data, or
Kruskal-Wallis tests combined with Dunn post tests for
nonparametric data. Descriptive results are expressed using
mean + SD. Correlation was calculated with Spearman’s

correlation for nonparametric samples.
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