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Abstract: Chronic rejection acts as the most formidable obstacle for organ transplantation in clinical settings. Herein
we demonstrated in a cardiac transplantation model that blockade of Janus kinase 2 (Jak2) provides protection for
cardiac allografts against chronic rejection. Specifically, loss of Jak2 almost completely abolished the production
of IFN-y* Th1 cells, while the percentage of Foxp3* regulatory T cells (Tregs) was significantly increased. As a result,
loss of Jak2 significantly prolonged allograft survival (58 + 30.6 days vs. 7 £ 0.3 days). Particularly, 4 out of 13 Jak2
deficient recipients (30%) showed long-term acceptance of allografts as manifested by the graft survival time > 100
days. Cellular studies revealed that Jak2 deficiency did not impact the intrinsic proliferative capability for CD4* T
cells in response to nonspecific polyclonal and allogenic stimulation. Mechanistic studies documented that the im-
paired Th1 development was caused by the attenuated IFN-y/STAT1 and IL-12/STAT4 signaling along with repressed
expression of Th1 transcription factors T-bet, HIx and Runx3. However, the IL-2/STAT5 signaling remained intact,
which ensured normal Treg development in Jak27- naive CD4 T cells. Together, our data support that blockade of
Jak2 may have therapeutic potential for prevention and treatment of allograft rejection in clinical settings.
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Introduction tions [2, 3]. Therefore, a better understanding
of the underlying molecular mechanisms would

Cardiac transplantation is a common clinical be instrumental for the development of Treg

strategy for treatment of patients with end-
stage heart failure. Although the survival rate
for cardiac allografts has recently been greatly
improved, long-term survival, however, remains
disappointed due to the toxicity of anti-rejec-
tion drugs and shortage of effective therapeu-
tic strategies to manage chronic rejection.
More recently, regulatory T cell (Treg) based
therapies appeared to be a promising thera-
peutic alternative to attenuate chronic rejec-
tion while free of side effect [1]. However, prob-
lems with the expansion, instability and antigen
specificity of Tregs hindered its clinical applica-

based strategies to achieve clinical transplant
tolerance.

As non-receptor tyrosine kinases, the mamma-
lian Janus kinase (Jak) family comprises four
evolutionarily conserved members, Jakl, Jak2,
Jak3 and tyrosine kinase 2 (Tyk2). Upon the
engagement of cytokines with cell surface
receptors, Jaks undergo autophosphorylation
on tyrosine residues, which generates docking
sites to phosphorylate signal transducers and
activators of transcription (STAT). Jak phosphor-
ylated STAT members next form homo- or het-
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erodimers along with nuclear translocation to
regulate the expression of immune responsive
genes [4]. It is noteworthy that selective Jak3
inhibitors have recently been shown to be non-
inferior to the currently used immunosuppres-
sants for treatment of transplant rejection
and autoimmune disorders [5-7]. Nevertheless,
graft protective Tregs were also significantly
suppressed due to blockage of the IL-2-Jak3-
STAT5 axis [8], which significantly limited their
application in the setting of chronic rejection.

As an important member in Jak family, Janus
kinase 2 (Jak2) is involved in the regulation of
various processes relevant to cell survival, pro-
liferation, activation and differentiation. Unlike
Jak3, the research interest for Jak2 was mainly
focused on its role in hematologic malignan-
cies relevant to the V617F gain-of-function
mutation [9]. Preceding studies on cell lines
revealed that Jak2 plays an indispensable role
in interleukin-3 (IL-3), interleukin-5 (IL-5), inter-
leukin-12 (IL-12), interferon-y (IFN-y) and granu-
locyte-macrophage colony-stimulating factor
(GM-CSF) signaling [10-12]. Given that mice
deficient in Jak2 are embryonic lethal, the
above observations might not fully resemble
the enzymatic coupling that happens in vivo.
Previously, we demonstrated that loss of Jak2
in adult mice impairs dendritic cell (DC) devel-
opment and maturation [13], while its role in
adaptive immune response, particularly in T
helper 1 (Thl) response, is yet to be fully
addressed. We thus in the current report in-
duced Jak2 deficiency in adult mice and then
assessed its role in adaptive immune response
in the setting of cardiac allograft rejection. Loss
of Jak2 significantly suppressed Thl develop-
ment, which led to a preferential increase of
Tregs and, as a result, cardiac allografts were
protected from chronic rejection.

Materials and methods
Mice

Jak2"" (H-2°) mice were generated as described
previously [14], which were backcrossed with
Cre-ER™ transgenic mice under the control of
human ubiquitin C promoter to generate Cre*-
Jak2¥" mice. Jak2 deficiency in Cre*-Jak2""
mice was induced by i.p. injection of tamoxifen
(25 mg/kg body weight) for five consecutive
days. Littermates administered with equal vol-
ume of carrier solution (corn oil) were used as
controls. BALB/c (H-29 mice were purchased
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from the Animal Experimental Center of Hubei
Province (Wuhan, China). Male mice at the age
of 8-week (8 wk) old were used for experimen-
tal purpose. The mice were housed in a SPF
facility at the Tongji Medical College, and all
studies were conducted in accordance with the
NIH guidelines and approved by the Animal
Care and Use Committee (ACUC) in Tongji
Hospital.

Abdominal cardiac transplantation

Cardiac allografts harvested from BALB/c mice
were heterotopically transplanted into Jak2”
and control recipients as previously reported
[15]. Briefly, the ascending aorta on the graft
side was anastomosed with the abdominal
artery on the recipient side, while the pulmo-
nary artery from the graft was then sutured
with inferior vena cava of the recipient juxta-
posed with the abdominal artery. Upon closure
of abdominal wall, the recipient was placed on
the heated cushion of the temperature control-
ler to maintain its anal temperature at 37°C
until its full resuscitation. Graft survival was
blindly monitored by palpation two times a day.
Cessation of transplanted heart beat was fur-
ther validated by direct visualization.

Flow cytometry analysis

Single cell suspensions were freshly prepared
from spleens, lymph nodes and peripheral
blood or recovered from cell cultures. Staining
of surface markers (e.g., CD4) and intracellular
molecules (e.g., IFN-y or Foxp3) was conducted
using the established techniques [16]. Flow
cytometry was performed using a FACSCalibur
cytometer (BD Biosciences, San Jose, CA, USA),
and the data were analyzed with the FlowJo ver-
sion 7.6 software as instructed. FITC anti-CD3e,
APC anti-CD25 and PE anti-CD8a were pur-
chased from the Miltenyi Biotec (Auburn, CA,
USA). PE anti-CD4, Alexa Fluor® 647 anti-CD4,
APC anti-CD62L, FITC anti-CD44, APC anti-
IFN-y and APC anti-CD11c antibodies were pur-
chased from the BD Biosciences (San Jose, CA,
USA), while Alexa Fluor® 647 anti-Foxp3 was
obtained from the eBioscience (San Diego, CA,
USA).

Real-time PCR analysis
The apical part of cardiac grafts or cell suspen-

sions were collected and subjected to RNA iso-
lation using the TRIzol (Invitrogen, Carlsbad,
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CA, USA) reagent as instructed. Complementary
DNA was synthesized from 1 pug RNA using a
first-strand DNA synthesis kit (Fermentas Life
Sciences, St Leon-Rot, Germany). Real-time
PCR analysis of each target gene was then car-
ried out using the SYBR Premix Ex TaqTM I
(TaKaRa, Liaoning, China) on a LightCycler 480
Real-time PCR system (Roche, PA, USA). The
analyses included IFN-y (5-GGC ACA GTC ATT
GAA AGC CTA-3" and 5-CTG CAG GAT TTT CAT
GTC ACC-3’), Tumor Necrosis Factor-a (TNF-i,
5-GCC TCC CTC TCA TCA GTT CT-3’ and 5-CAC
TTG GTG GTT TGC TAC GA-3’), CC chemokine
ligand 2 (CCL-2, 5’-ACC TGC TGC TAC TCA TTC
ACC-3’and 5’-CCC ATT CCT TCT TGG GGT CA-3’),
IL-2 (5’-CCT GAG CAG GAT GGA GAA TTA CA-3’
and 5-TCC AGA ACA TGC CGC AGA G-3'), IL-6
(5’-AGT TGC CTT CTT GGG ACT GA-3’ and 5’-TCC
ACG ATT TCC CAG AGA AC-3’), and IL-12p40 (5™
GGA AGC ACG GCA GCA GAA TA-3’ and 5-AAC
TTG AGG GAG AAG TAG GAA TGG-3'). Glyce-
raldehyde-3-phosphate dehydrogenase (GAP-
DH, 5-TGG CAT TGT GGA AGG GCT CA-3’, 5’-GCA
CCA GTG GAT GCA GGG AT-3’) was used for nor-
malization. Relative expression levels for each
of the above target genes were calculated by
using the 222¢t method as previously reported
[471].

CD4* T cell proliferation assay

CD4* T cells were purified from spleens and
lymph nodes of Jak2”/ or control mice using a
mouse CD4* T cell isolation kit (StemCell,
Seattle, WA) by negative selection as reported
[17], and the purity for the isolated cells was >
90%. CD4* T cell proliferation was determined
by labeling the cells with 5, 6-carboxyfluores-
cein diacetate succinimidyl ester (CFSE) as
instructed. Briefly, the cell pellets were resus-
pended in PBS working solution (1x108/ml to
2x107/ml) containing 0.5 mM CFSE (Molecular
Probes, Eugene, OR, USA). After incubation at
37°C for 8 min, the cells were washed 3 times
with RPMI 1640 medium supplemented with
10% heat-inactivated fetal bovine serum,
2-mercaptoethanol, 2-hydroxyethyl, non-essen-
tial amino acids, penicillin, streptomycin, and
L-glutamine. T cell depleted splenocytes from
control mice were treated with mitomycin C
(final concentration, 50 ug/ml, Sigma-Aldrich,
St. Louis, MO, USA) to serve as accessory cells
following washes. The CFSE labeled cells were
next stimulated with 10 ng/ml phorbol-12-my-
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ristate-13-acetate (PMA) (Sigma-Aldrich, St.
Louis, MO, USA) and 250 ng/ml ionomycin
(Sigma-Aldrich, St. Louis, MO, USA), or anti-CD3
(0.5 ug/ml, eBioscience, San Diego, USA) and
anti-CD28 (0.5 ug/ml, BD Biosciences, San
Jose, CA, USA) under 5% CO, for 72 h in the
presence of accessory cells, followed by stain-
ing with an Alexa Fluor 647 labeled anti-CD4
antibody (eBioscience, San Diego, CA, USA).
Cell proliferation was analyzed by flow cytome-
try by assessing the halving of CFSE fluores-
cence intensity as instructed.

Mixed lymphocyte reaction (MLR)

Bone marrow dendritic cells (BMDCs) were gen-
erated from BALB/c mice as described in detail
previously [13]. The purity for CD11c¢* BMDCs in
the current study was > 90% as determined by
flow cytometry. For alloantigen specific MLR,
4x10* mitomycin C treated BALB/c BMDCs
were co-cultured with 4x10% CFSE labeled
splenic cells originated from Jak2” or control
mice for 72 h in 96-well round bottom plates,
followed by flow cytometry analysis of CD4* T
cell proliferation as described above.

Treg suppression assay

CD4*CD25* Tregs and CD4*CD25 effector T
cells (Teff) were isolated using a mouse
CD4*CD25* regulatory T cell isolation kit (Mil-
tenyi, San Diego, CA, USA) as instructed. CFSE
labeled CD4*CD25 T cells were served as T
responder cells (Tresp) and seeded in 96-well
round bottom plates with a fixed number of
5x10% cells/well. T cell depleted splenic cells
(1x10° cells/well) originated from control mice
were treated with mitomycin C as above to
serve as accessory cells. Tregs derived from
Jak27 and control mice were mixed with Tresp
at the ratio of 0:1, 1:8, 1:4, 1:2, 1:1 and 2:1,
respectively. The mixed cells were next stimu-
lated with anti-CD3 antibodies (0.5 ug/ml), fol-
lowed by flow cytometry analysis of cell prolif-
eration as above.

Naive T cell polarization

CD4*CD44"°"CD62L"e" naive T cell were isolat-
ed from Jak2”- and control mice with a mouse
naive CD4* T cell isolation kit (StemCell, Seattle,
WA, USA), and the purity of isolated cells was >
85%. For induction of Thl cells, naive T cells
were activated with 1 ug/ml anti-CD3, 1 ug/ml
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Figure 1. The impact of Jak2 depletion on T cell development. Jak2 deficiency was induced by tamoxifen injection. Four days after last induction, the mice were
sacrificed and used for following experiments. A. PCR analysis of tail genomic DNA to check the presence of floxed null allele. B. Western blot analysis to confirm
Jak2 depletion in splenic cell lysates. C. Comparison of total splenic cell numbers between Jak27- and control mice. Relative cell numbers were normalized by body
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weight. D. Flow cytometry analysis of splenic cell populations by plots on forward scatter and side scatter. Compari-
son was carried out for the lymphoid cluster (lower left corner) between Jak27- and WT controls. E. Flow cytometry
analysis for the percentage of CD3*CD4* T cells in total splenocytes. F. Flow cytometry analysis of lymphoid cells in
peripheral blood. The number of lymphoid cells (lower left corner) was compared between Jak2/-and WT controls.
G. Comparison for the proportion of CD3*CD4* T cells in peripheral blood mononuclear cells (PBMCs) between
Jak27-and WT controls. All data were expressed as means * SD, and four mice were included in each study group.

anti-CD28, 10 ng/ml IL-2 (Gemini, West
Sacramento, CA, USA), 20 ng/ml IL-12 (eBiosci-
ence, San Diego, CA, USA), 2 ug/ml anti-IL-4
(eBioscience, San Diego, CA, USA), with or with-
out 50 ng/ml IFN-y (Gemini, West Sacramento,
CA, USA). For induction of Tregs, naive T cells
were incubated with 1 pg/ml anti-CD3, 20 ng/
ml IL-2, 10 ng/ml TGF-B (PeproTech, Rocky Hill,
NJ, USA), with or without 1 pg/ml anti-CD28.
The cells were undergone half volume change
of culture medium along with the addition of
fresh antibodies and cytokines on day 3, fol-
lowed by two additional days of culture as previ-
ously described [17]. The cells were next sub-
jected to flow cytometry analysis of CD4*IFN-y*
and CD4*Foxp3* cells as above.

Western blot analysis

CD4* T cells were purified as described above.
The isolated cells were first rested under nor-
mal medium for 3 h, followed by IFN-y (80 ng/
ml, Gemini, West Sacramento, CA, USA), IL-2
(80 ng/ml, Gemini, West Sacramento, CA, USA),
and IL-12 (80 ng/ml, eBioscience, San Diego,
CA, USA) stimulation for 25 min. Naive T cells
were isolated and polarized under Thl condi-
tion for 5 days as described above. Total pro-
teins were next prepared from cell cultures
using the RIPA lysis buffer supplemented with
protease inhibitors, and Western blot analyses
of targeted proteins were carried out as report-
ed by probing the blots with indicated primary
antibodies followed by an HRP-conjugated sec-
ondary antibody [18], respectively. The reactive
bands were visualized using a Western ECL kit
(Bio-Rad, Hercules, CA, USA). GAPDH and B-
actin or basal STATs were used for normaliza-
tion as indicated. Antibody against Jak2, phos-
pho-Jak2, STAT4, phospho-STAT4, STAT1, phos-
pho-STAT1, STAT5, and phospho-STATS were
purchased from the Cell Signaling Technology
(Beverly, MA, USA). The T-bet, HIx, Runx3,
IL-12RB2 and GAPDH antibodies were obtained
from the Santa Cruz (Santa Cruz, CA, USA).

Histology

Cardiac grafts were harvested and fixed in 4%
paraformaldehyde and embedded in paraffin.
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The sections were stained by hematoxylin and
eosin (H&E) as previously described [19, 20].

Statistical analysis

Allograft survival curves were generated by the
Kaplan and Meier method, and survival differ-
ences between groups were determined using
the log-rank (Mantel-Cox) test. Comparisons
between groups for flow cytometry and real-
time PCR data were accomplished by one-way
or two-way analysis of variance (ANOVA) and
boneferroni’s post hoc test where appropriate.
All data are expressed as mean + standard
error (SD) with 3 or 4 independent replications.
Graphpad Prism 5 was employed for statistical
analysis, and a P value of < 0.05 was consid-
ered with statistical significance.

Results

Jak2 deficiency alters Th program and enhanc-
es Treg production

Jak2 deficiency was induced in 8 wk old Cre*-
Jak2"® mice by i.p. injection of tamoxifen for 5
consecutive days, and Jak2 depletion was first-
ly confirmed by genotyping of tail blood DNA for
the presence of floxed null allele (Figure 1A).
Indeed, Jak2 was undetectable in the lysates of
spenocytes by Western blot analysis (Figure
1B), demonstrating that tamoxifen efficiently
abrogated Jak2 expression. In consistent with
our previous studies [13], mice deficient in Jak2
manifested a significant reduction for the total
number of splenocytes (Figure 1C). Interestingly,
the myeloid lineage cells in Jak2” spleens were
nearly disappeared on the forward and side
scatter image of flow cytometry data along with
a significant increase for the proportion of lym-
phoid lineage (Figure 1D). In line with this
observation, the proportion of CD4* T cells in
pan splenic cells was elevated by 1-fold (Figure
1E). The significant elevation for the proportion
of lymphoid cells and CD4 T cells were also
seen in peripheral blood (Figure 1F and 1G).

We next sought to address the impact of Jak2
deficiency on T cell development. Loss of Jak2

Am J Transl Res 2019;11(2):624-640
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Figure 2. The impact of Jak2 deficiency on CD4* T cell development. Loss of Jak2 did not affect the percentage of CD4* T cells in total CD3* splenic cells (A), total
CD3* lymph node cells (B), and total CD3* PBMCs (C). However, the percentage for CD4*CD44"e"CD62L"" effector/memory T cells (TEM cells) in total CD4* spleno-
cytes (gated on CD4* cells) was significantly reduced (D), and similarly, a significant reduction for the percentage of IFN-y* Th1 cells was noted (E). On the contrary,

629

Am J Transl Res 2019;11(2):624-640



Blockade of Jak2 blunts allograft rejection

a significant increase for the proportion of Foxp3* Treg cells in CD4* splenocytes was characterized (F). All flow
cytometry data were expressed as mean + SD, and four mice were analyzed for each group.
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Figure 3. The effect of Jak2 deficiency on Th1 and Treg development. CD4*CD62L"&"CD44"°* naive CD4* T cells were
purified from Jak2”/- and control mice by magnetic beads as described (cell purity > 85%). A. Loss of Jak2 impaired
Th1 development. Naive CD4* T cells were cultured under Th1 condition in the presence (lower) or absence (upper)
of IFN-y (50 ng/ml) for five days. The production of IFN-y secreting Th1 cells were estimated by intracellular staining
followed by flow cytometry analysis. B. Loss of Jak2 enhanced Treg production. Naive CD4* T cells were induced
under Treg condition in the presence (lower) or absence (upper) of anti-CD28 (1 ug/ml) for five days. The production
of Foxp3* Tregs was estimated by flow cytometry as above. Three mice were analyzed in each study group, and the

studies were conducted with three replications.

did not result in a perceptible change for the
CD4* or CD8* T cell ratio in total CD3* splenic
cells (Figure 2A), and similar results were
obtained in the lymph nodes (Figure 2B) and
peripheral blood (Figure 2C). However, Jak2
deficiency resulted in a 1-fold decrease for the
CD4*CD44"enCD62L"" effector/memory T cells
(TEM cells) (Figure 2D) along with a 1.5-fold
reduction for the number of CD4* IFN-y produc-
ing Th1 cells (Figure 2E). On the contrary, the
proportion of CD4*Foxp3* Tregs was noted to
be significantly higher in Jak2” mice as com-
pared with their counterparts (Figure 2F).
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Loss of Jak2 attenuates naive T cells polarizing
to IFN-y producing Th1 cells

Toconfirmtheabovedata,CD4*CD44'°*CDG2Len
naive T cells isolated from Jak2’/- and control
mice were cultured under Thl and Treg condi-
tion as described, followed by flow cytometry
analysis of IFN-y* Thl cells and Foxp3* Tregs.
Indeed, IFN-y secreting Thl cells were success-
fully induced in control cells, while loss of Jak2
almost completely abolished the production of
IFN-y producing Thl cells. More importantly,
addition of IFN-y (50 ng/ml) markedly augment-
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Figure 4. Cardiac allografts were protected from chronic rejection in recipients deficient in Jak2. Allogenic hearts
originated from BALB/c (H-2) mice were implanted into Jak27- (H-2°) recipients (n=13), corn oil induced control re-
cipients (H-2°, n=10), and tamoxifen induced Cre-ERT2 recipients (H-2°, n=9) as described, respectively. A. Allograft
survival curve generated by the Kaplan and Meier method. B. Histological analysis of allograft sections six days after
transplantation. C. Real-time PCR analysis of inflammatory cytokines and chemokines within the grafts six days af-
ter transplantation. D. Comparison of splenic IFN-y* Th1 cells between Jak27- and corn oil induced control recipients
six days after transplantation. Four mice were included in each group for the above studies.

ed Thil differentiation in control cells, but the
repressed Thl differentiation was not restored
by IFN-y in Jak27 cells (Figure 3A). Interestingly,
Jak2 deficiency did not affect the production of
Foxp3* Tregs, rather the percentage of Foxp3*
Tregs was even higher than that of control cells
(Figure 3B). Particularly, anti-CD28 stimulation
substantially increased Foxp3 expression in
both Jak27 and control cells, while the percent-
age of Foxp3* cells was still significantly higher
in Jak2’ cells than that of control cells (Figure
3B). Collectively, these results indicate that
loss of Jak2 only selectively impairs Thil
development.

Loss of Jak2 prolongs long-term survival of
cardiac allografts

The above findings prompted us to examine the
impact of Jak2 deficiency on allograft chronic
rejection, a process predominantly mediated
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by CD4* T cells. For this purpose, BABL/c (H-29-
derived cardiac grafts were heterotopically
transplanted into the abdomen of Jak2 defi-
cient mice or their control littermates (H-2°).
Remarkably, loss of Jak2 significantly pro-
longed allograft survival [median survival time
(MST) 58 + 30.6 days vs. 7 + 0.3 days, P <
0.001; Figure 4A]. Particularly, 4 out of 13 Jak2
deficient recipients (30%) showed long-term
acceptance of allografts as manifested by the
graft survival time > 1 00 days (Figure 4A). To
exclude the potential effect of tamoxifen induc-
tion on allograft survival, tamoxifen induced
Cre-ER™ transgenic mice (H-2°) were trans-
planted with BABL/c (H-29-derived cardiac
grafts as well. No perceptible difference in
terms of allograft survival time was noted
between vehicle treated control mice and
tamoxifen-induced Cre-ER™ mice (MST 7 + 0.3
days vs. 7.5 £ 0.4 days).
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Histological analysis was next conducted to fur-
ther confirm the above data. Indeed, H&E stain-
ing of cardiac allograft sections originated
control recipients after day 6 of transplanta-
tion revealed rigorous inflammatory infiltration
along with cardiomyocyte destruction. In sharp
contrast, no significant inflammatory infiltration
was noted in the graft sections derived from
Jak2” recipients along with well reserved myo-
cardium (Figure 4B). The attenuated allograft
rejection was also confirmed by the differences
of mRNA levels for inflammatory cytokines and
chemokines. Specifically, allografts originated
from control recipients manifested significantly
higher levels of IFN-y, TNF-q, IL-2, IL-6, IL-12p40
and CCL-2 expression as compared with grafts
from Jak2” recipients. Particularly, IFN-y and
IL-12p40 were almost undetectable in the
grafts derived from Jak2” recipients (Figure
4C).

Jak2” recipients manifest higher proportion of
functional Tregs

Since loss of Jak2 altered Th program (Figures
1-3), we next compared the difference between
Jak2” and control recipients for IFN-y produc-
ing Thl cells after day 6 of transplantation.
Flow cytometry analysis of splenic CD4* T cells
revealed that control recipients manifested a
1.9-fold higher IFN-y* Th1 cells than that of
Jak27 recipients (Figure 4D). However, higher
proportion of splenic Tregs was noted in Jak2”
recipients as compared with that of control
recipients (Figure 5A). Especially, Jak2” recipi-
ents manifested a 5% higher proportion of
Tregs than that of control recipients in the
draining lymph nodes (DLN) (Figure 5B).

To demonstrate whether Tregs deficient in Jak2
were still functionally competent, Treg suppres-
sive assays were next carried out based on
CFSE labeling. CD4* responders (Tresp) and
non-T accessory cells were obtained from WT
mice, while Jak2”- and WT Tregs were added in
different proportions into the cultures to
repress Tresp proliferation following anti-CD3
stimulation. Interestingly, Jak2”- Tregs exhibited
a comparable suppressive Kinetics as that of
WT Tregs (Figure 5C, 5D), suggesting that loss
of Jak2 does not affect the functionality of
Tregs.

Jak2 deficiency does not impact the intrinsic
proliferative capability for CD4* T cells

The next important question is whether Jak2
deficiency impacts the intrinsic capability of
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CD4* T cells for proliferation. To address this
issue, splenic CD4* T cells originated from
Jak27 and control mice were labeled with CFSE
and then stimulated with anti-CD3/anti-CD28
antibodies or low dose PMA/lonomycin as
described, respectively. In line with our expec-
tation, Jak2” CD4* T cells manifested similar
proliferation potency as that of control CD4* T
cells in response to anti-CD3/anti-CD28 or
PMA/lonomycin stimulation (Figure 6A and
6B), indicating that Jak2 deficiency does not
affect their intrinsic proliferative capability. To
further demonstrate this question, we conduct-
ed mixed lymphocyte reaction (MLR) assays to
assess the differences for allo-antigen stimu-
lated proliferation. BALB/c-derived bone mar-
row dendritic cells (BMDCs) were treated with
Mitomycin C and then employed for stimulation
of CFSE-labeled Jak2” and control CD4* T
cells, respectively. The purity of CD11c positive
dendritic cell (DC) was about 95% as manifest-
ed by flow cytometric analysis (Figure 6C).
Similar as above, Jak2” CD4* T cells displayed
comparative proliferative capability as that of
their control counterparts in response to allo-
antigen stimulation (Figure 6D).

Loss of Jak2 selectively represses I-12/STAT4
and IFN-y/STAT1 signaling

To dissect the mechanisms by which Jak2 defi-
ciency impairs the balance between Thl and
Treg program, we first examined cytokine-stim-
ulated Jak2 activity in CD4* T cells. WT CD4* T
cells were stimulated with IFN-y, IL-12 and IL-2,
followed by analysis of the levels for phosphory-
lated Jak2 (p-Jak2). High levels of p-Jak2 were
detected in both IFN-y and IL-12 stimulated
cells, and in sharp contrast, p-Jak2 was almost
undetectable in IL-2 stimulated CD4* cells
(Figure 7A).

The above results prompted us to check the
activities of Jak2 downstream signaling mole-
cules following cytokine stimulation. Under
steady condition, phosphorylated STAT4 (p-ST-
AT4) was undetectable both in WT and Jak2”
CD4* T cells, while high levels of p-STAT4 were
noted in WT CD4* T cells following IL-12 stimu-
lation. However, IL-12 failed to induce the
expression of p-STAT4 in Jak2”- CD4* T cells
(Figure 7B). Similarly, IFN-y induced high levels
of phosphorylated STAT1 (p-STAT1) in WT CD4*
T cells, but p-STAT1 remained undetectable in
Jak2” CD4* T cells following IFN-y stimulation
(Figure 7C). Interestingly, unlike STAT4 and
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Figure 6. Analysis of the intrinsic proliferative capability of CD4* T cells after Jak2 depletion. CD4* T cells were prepared from Jak2”- and control mice and labeled
with CFSE to serve as responder cells, while T cell depleted control splenocytes were treated with mitomycin C to serve as accessory cells. A. Results for prolifera-
tion of responder cells stimulated with PMA (10 ng/ml) and lonomycin (250 ng/ml). B. Proliferation results for responder cells stimulated by anti-CD3 (0.5 ug/ml)
and anti-CD28 (0.5 ug/ml). C. Flow cytometry analysis of allogenic BMDCs prepared from BALB/c mice. D. Proliferation results for responder cells stimulated by
BALB/c-derived allogenic BMDCs. Mitomycin C treated BMDCs were co-cultured with CFSE labeled splenic cells originated from Jak2”- or control mice for 72 h. Cell
proliferation was estimated as above based on the halving of CFSE fluorescence intensity. Similarly, four mice were included for each group and the studies were
carried out with three replications.
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Figure 7. Loss of Jak2 selectively repressed signals essential for Thl development. A. IFN-y and IL.-12 were potent
to stimulate Jak2 phosphorylation (p-Jak2) in CD4* T cells, while p-Jak2 was undetectable in IL-2 stimulated CD4*
T cells. B. Loss of Jak2 in CD4* T cells impaired IL-12 induced STAT4 activation (p-STAT4). C. Jak27- CD4* T cells
manifested impaired IFN-y/STAT1 signaling. D. Jak2 deficiency did not impact IL-2/STAT5 signaling in CD4* T cells. E.
Western blot results for analysis of transcription factors relevant to Th1 development. Naive CD4* T cells originated
from Jak2’/- and control mice were polarized under Th1 condition for five days, followed by analysis of T-bet, HIx,
Runx3 and IL-12R[B2 expression levels by Western blotting. GAPDH was served as loading controls, and data shown
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STAT1, both WT and Jak2” CD4* T cells mani-
fested low levels of expression for the phos-
phorylated STAT5 (p-STAT5) under steady con-
dition, and more importantly, IL-2 stimulation
induced high levels of p-STAT5 both in WT and
Jak27- CD4* T cells (Figure 7D). Taken together,
these data suggest that loss of Jak2 selectively
repressed IL-12/STAT4 and IFN-y/STAT1 signal-
ing, which then attenuated naive CD4* T cells
toward to IFN-y producing Thl cells. On the con-
trary, Jak2 is dispensable for the IL-2/STAT5
signaling, and as a result, Jak2 deficiency did
not affect Treg development. Since Jak2 defi-
ciency did not impact IL-2/STATS5 signaling,
higher percentage of Tregs noted in Jak2” mice
is likely caused by the impaired I1L-12 and IFN-y
signaling, in which Jak2” naive CD4* T cells
preferentially differentiate into Foxp3* Tregs in
the absence of IFN-y.

Jak2 is essential for the expression of Th1l
transcription factors

To dissect the mechanisms by which loss of
Jak2 impairs Thl development, we first check-
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ed transcription factors T box 21 (T-bet) and H
2.0-like homeobox (HIx), in which T-bet serves
as a Thl “master regulator” [21], while HIx
drives optimal IFN-y expression to stabilize Th1
phenotype [22]. To this end, naive T cells iso-
lated from Jak2/ and control mice were cul-
tured under Thl condition and then subjected
to Western blot analysis of T-bet and HIx expres-
sion. Unlike WT T cells which manifested high
levels of T-bet expression, T-bet was hardly
detectable in Thl polarized Jak2” T cells, and
remarkably, Hix was completely absent in Thl
polarized Jak2”- T cells. To further confirm this
observation, we examined Runt-Related Tran-
scription Factor 3 (Runx3), another transcrip-
tion factor that acts in cooperation with T-bet to
ensure Th1 polarization [23], and similar results
were obtained (Figure 7E). During Th1 develop-
ment the IL-12RB2 subunit for IL-12 receptor is
rapidly induced following the expression of
T-bet. Unexpectedly, the abrogated T-bet
expression did not couple with diminished
induction of IL-12RB2 as manifested by the
detection of relatively lower levels of IL-12Rp32
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in Jak2’- CD4 T cells (Figure 7E). Collectively,
these data suggest that loss of Jak2 attenu-
ates the induction of T-bet/HIx and the related
transcription factor Runx3, which then impairs
Th1 polarization.

Discussion

Although Jak2 has been extensively studied for
its impact on hematopoietic malignancy, its
role in immune cell development, especially in
CD4* T cells, remained poorly understood.
Previously, we reported that loss of Jak2
impairs DC development and its maturation
[13], and now we demonstrated evidence indi-
cating that Jak2 oriented signaling is essential
for Thl development, but the proportion for
CD4/CD8 T cells was unaffected in mice defi-
cient in Jak2. This observation was consistent
with previous reports that Jak2”/ fetal liver cells
were able to numerically and functionally recon-
stitute T and B cell lineage in Jak37 mice [24,
25]. However, the majority of T cells in Jak2”
mice remained immature and was unable to
differentiate into Thl cells, while Treg develop-
ment was unexpectedly enhanced. Given the
role of Th1 cells played in the setting of allograft
rejection [24, 25], a cardiac transplantation
model was next employed to demonstrate the
impact of Jak2 deficiency on cardiac allograft
chronic rejection. Remarkably, cardiac allogra-
fts were significantly protected from chronic
rejection in recipients deficient in Jak2 as mani-
fested by the prolonged median survival time
(58 + 30.6 days vs. 7 + 0.3 days) and amelio-
rated allograft inflammatory response. Par-
ticularly, four allografts reached long-term
acceptance as evidenced by the survival time >
100 days. It was noted that Th1 response was
significantly attenuated in Jak2”  recipients,
while Treg proportion was significantly higher in
Jak2” recipients as compared with that of con-
trol recipients. More importantly, Tregs originat-
ed from Jak27 recipients were functionally
intact as evidenced by the comparable capabil-
ity to suppress effector T cell proliferation.

Of importantly note, in the setting of anti-rejec-
tion therapy, combined immunosuppressive
drugs are usually employed, while none of our
recipient mice following cardiac transplantation
administered anti-rejection drugs, and there-
fore, it is logical that the majority of grafts
would be eventually rejected. However, 4 recipi-
ent mice reached long-term tolerance without
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rejection. These results demonstrate that
blockade of Jak2 signaling alone may have the
potential to reach immune tolerance following
transplantation, but the homeostasis of toler-
ance cannot be achieved in all recipients. This
discrepancy could be due to the heterogeneity
of immune response following transplantation,
which may involve additional mechanisms
other than the described imbalance between
Th1 and Tregs.

A model for three essential signals has been
well established in CD4 T cell activation and dif-
ferentiation, in which TCR stimulation provides
the cardinal signal, followed by the signals gen-
erated by B7/CD28 costimulation and inflam-
matory cytokines [26]. Interestingly, analysis of
Treg differentiation revealed that the signals
originated from TCR and B7/CD28 were intact
after Jak2 depletion, which ensured normal
Treg development. However, discrepancies for
the signal generated by the extracellular cyto-
kine milieu, which is a fate decision factor for
directing CD4 T cell development, were noted
under different Th conditions [27]. Particularly,
IL-2 elicited strong STAT5 signaling both in WT
and Jak2’- CD4* T cells, suggesting that Jak2
was not responsible for IL-2 mediated STATS
activation, which was further confirmed by the
observation that Jak27 naive T cells were more
prone to differentiate into Tregs with or without
anti-CD28. It has been well documented that
IL-2/STAT5 pathway plays a non-redundant role
for the development, homeostasis and function
of Tregs [28], and therefore, mice deficient in
IL-2 receptor spontaneously develop autoim-
mune disease [29]. We postulated that the
enhanced Treg production is probably caused
by the imbalance and crosstalk between Thil
and Treg after Jak2 depletion [17]. Previously,
we demonstrated in DCs that Jak2 plays an
essential role for STATS signaling as manifest-
ed by the impaired development, maturation
and secretion of proinflammatory cytokines in
Jak27-DCs [13]. This discrepant result between
our present report might be due to the differ-
ences of cell type- and stimulus-specific STAT
activation profile between DCs and T cells.
Collectively, we have proved that Jak2 is dis-
pensable for IL-2/STAT5 signaling in the setting
of Treg development.

Unlike its impact on IL-2/STAT5 signaling, loss
of Jak2 almost completely abrogated IL-12/
STAT4 and IFN-y/STAT1 signaling. It was noted
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that Thl signature cytokines IL-12 and IFN-y
induced robust Jak2 phosphorylation, which
then mediated activation of STAT4 and STAT1,
respectively. These results were consistent
with previous in vitro studies, in which Jak2 was
indispensable for IL-12 [11] and IFN-y [10] sig-
naling. Activated STAT4 and STAT1 then tran-
scribe the expression of Thl lineage-defining
transcription factor T-bet, which binds to the
IFN-y regulatory elements and promotes IFN-y
transcription. As a result, mice deficient in
Stat4 manifest impaired Thl response along
with abrogated IFN-y secretion [10]. Similarly,
STAT1 activation by IFN-y induces the Thl tran-
scription factor T-bet [30, 32] and act on Thl
cells in an autocrine positive feedback manner
to stabilize T-bet and amplify cytokine secretion
[31-34]. Other than positive regulation of IFN-y
transcription, another important task for T-bet
is to repress the activity of Th2 master tran-
scription factor, GATA-3, by which it attenuates
IL-4 transcription and maximizes IFN-y produc-
tion [33, 35]. Moreover, T-bet is unable to
directly repress IL-4 in the absence of Runx3,
which is induced during Th1l development in a
T-bet dependent manner [23]. T-bet also induc-
es HIx expression, which coordinates with T-bet
to potentiate and stabilize IFN-y production
[22]. However, as described above neither T-bet
nor downstream Runx3 and HIx were present in
Jak2’ cells following Th1 induction. Together,
these results provide strong evidence support-
ing that loss of Jak2 impairs Th1l development
by interrupting the IL-12/STAT4, IFN-y/STAT1,
and T-bet/HIx/Runx3 signaling pathways.

Naive CD4 T cells do not possess a functional
IL-12 receptor as a result of lacking IL-12R[B2
expression [34]. During Thl differentiation,
IL-12RB2 is rapidly induced by TCR stimulation
in the presence of IFN-y [34]. Previous studies
suggest that IFN-y/STAT1 dependent T-bet
expression dominants IL-12RB2 expression in
Thl cells [35]. Interestingly, despite almost
completely abrogated IFN-y/STAT1 signaling
and T-bet expression, induction of IL-12Rp2
expression was still detected in Jak2” CD4 T
cells, albeit less than control cells. This discrep-
ant observation suggests that additional
signal(s) might be responsible for the induction
of IL-12RB2 expression once IFN-y/STAT1 sig-
naling is interrupted. Indeed, a recent study
revealed that IL-2 could induce IL-12RB2
expression in an IFN-y independent manner
and IL-2 is able to induce IL-12RB2 expression
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in T-bet”- T cells [36]. Together, our data pro-
vided additional evidence that both IFN-y and
IL-2 can induce optimal IL-12RB2 expression
during Th1l development. It is noteworthy that
loss of Jak2 did not affect the proliferative
capability of CD4* T cells in response to non-
specific polyclonal anti-CD3/anti-CD28 and
PMA/lonomycin stimulation. Once challenged
with allogenic BMDCs, the expansion of Jak2”
CD4 T cells was unaffected as well. These
results suggest that Jak2 is not required for the
maintenance of intrinsic proliferative capability
in CD4 T cells.

It has been suggested that the number of sple-
nocytes are critical for antibody-mediated
rejection (AMR), and splenectomy have been
used in the clinical setting of refractory humor-
al rejection after kidney transplantation of high-
ly sensitized patients [37, 38], but it has limited
effects on the acute and chronic rejection in
other settings. The survival time only last to
27 + 1.5 days for rat heat transplantation after
splenectomy [39]. Interestingly, we also
observed reduced number of splenocytes in
Jak2 deficient recipients, but our graft survival
time is 58 * 30.6 days, and 4 grafts reached
long term survival. These results suggest that
Jak2 could be more important in T cell function
as compared to its role in maintaining the num-
ber of splenocytes during the course cardiac
allograft rejection.

Among four Jak family members, Jakl, Jak2
and Tyk2 were ubiquitously expressed, while
the expression of Jak3 is limited to lympho-
cytes, which renders Jak3 to be the best thera-
peutic target for treatment of immune related
diseases in clinical settings. Nevertheless,
Jak3 has also been found to function as a key
signal transducer downstream of the common
gamma chain (yc), through which IL-2 takes
effect [40]. Given the essential role of IL-2
played in Treg development, the use of selec-
tive Jak3 inhibitors such as CP-690550 also
repressed the production of Tregs other than
suppressing Thl functionality [8, 41], and
indeed, mice deficient in Jak3 manifest signifi-
cantly reduced Tregs [41]. Unlike Jak3, we here-
in provided evidence indicating that loss of
Jak2 only selectively suppressed Thl response
relevant to cardiac allograft rejection by block-
ing the IFN-y-Jak2/STAT1 and IL-12-Jak2/STAT4
pathways, while the signaling pathways rele-
vant to Treg development and functionality
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were not affected. Our findings raised the feasi-
bility that Jak2 could also be a viable target for
prevention and treatment of immune related
diseases in clinical settings. However, given
that Jak2 is ubiquitously expressed, pan inhibi-
tion of Jak2 may cause side effect as well.

In summary, we demonstrated that loss of Jak2
led to diminished Thl cell development along
with a preferential increase of functionally com-
petent Tregs. As a result, cardiac allografts
were significantly protected from chronic rejec-
tion in recipients deficient in Jak2. Cellular
studies revealed that Jak2 deficiency did not
impact the intrinsic proliferative capability for
CD4* T cells in response to nonspecific poly-
clonal and allogenic stimulation. Mechanistic
studies documented that the impaired Thi
development was caused by the attenuated
IFN-y/STAT1 and IL-12 /STAT4 signaling along
with repressed expression of Thl transcription
factors T-bet, Hix and Runx3. However, the IL-2/
STAT5 signaling remained intact, which ensured
normal Treg development in Jak2”- naive CD4 T
cells. Together, our data support that that sup-
pression of Jak2 may have therapeutic poten-
tial for prevention and treatment of allograft
rejection in clinical settings.
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