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Abstract
Objective—To study the phosphorylation of STAT1 in HLA-B27-transfected human monocytic
cells and the role of signaling molecules PKR and p38 in STAT1 phosphorylation.

Methods—U937 human monocytic cell transfectants stably expressing wild type HLA-B27 or
mutated HLA-B27 heavy chains (HC) with amino acid substitutions in the B pocket were
prepared. Mock transfected cells were prepared using the antibiotic resistance vectors (pSV2neo
or RSV5neo) alone. PMA differentiated cells were stimulated with LPS or infected with S.
enteritidis. Western blotting and flow cytometry were used to detect the phosphorylation and
expression levels of STAT1 protein. Specific inhibitors were added in cell culture to study the role
of PKR and p38 on STAT1 phosphorylation.

Results—STAT1 is constitutively highly phosphorylated on tyrosine 701 residue in HLA-B27
positive monocytic cells when compared to control cells, even prior to stimulation with LPS or
bacteria. This phenotype is associated with the expression of HLA-B27 HCs that misfold. In
addition, phosphorylation of STAT1 is dependent on PKR.

Conclusion—Our results show that STAT1 tyrosine 701 is constitutively highly phosphorylated
in HLA-B27 expressing monocyte-macrophage cell line. Since phosphorylation of tyrosine 701 on
STAT1 is sufficient to induce interferon-dependent genes, constitutive activity of this
phosphorylation site may lead to overexpression of interferon-dependent genes, as well as other
STAT1-dependent genes, in HLA-B27 monocyte-macrophages. Our results offer a mechanism by
which B27 expression alone, without any external trigger, is potentially capable of inducing
activation of STAT1, a critical regulator of the inflammatory response.

INTRODUCTION
Reactive arthritis (ReA) is an inflammatory joint disease belonging to the systemic
inflammatory diseases called spondyloarthropathies (SpA). ReA may occur after infection
with certain gram negative bacteria like Salmonella and Yersinia. Triggering bacteria, or
their components, can persist for an abnormally long time in patients suffering from ReA
(1). The development and severity of ReA is strongly associated with the tissue antigen
HLA-B27. Although the exact mechanism for emergence of ReA and the role of HLA-B27
in the development of the disease are still unclear, several findings suggest that the tendency
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of HLA-B27 heavy chains (HCs) to misfold may play an important role in disease
pathogenesis (2).

We have studied the role of HLA-B27 in host cells encountering ReA-triggering bacteria in
vitro and found that elimination of Salmonella enteritidis is impaired in HLA-B27-
transfected cell line as compared to control cells (3). In addition, HLA-B27 expressing cells
are more permissive for intracellular replication of S. enteritidis; furthermore this phenotype
seems to be dependent on HLA-B27 misfolding (4). Extended studies showed that the p38
pathway regulating intracellular replication of Salmonella is dysregulated in U937 cells
expressing misfolding HLA-B27 molecules (5).

Our recent studies indicate that double-stranded RNA activated kinase (PKR), which is an
ER stress responsive kinase, is overexpressed but hypophosphorylated in HLA-B27
expressing U937 cells (Sahlberg et al, manuscript submitted for publication). PKR is
capable of forming complexes with important regulators of the inflammatory response, like
signal transducer and activator of transcription 1 (STAT1) (6). The ability of PKR to control
phosphorylation of STAT1 has also been reported (7, 8).

In this study we found that LPS and Salmonella infection induced phosphorylation of
STAT1 tyrosine 701 in all U937 transfectants. Interestingly, we observed a strong
constitutive phosphorylation in STAT1 tyrosine 701 in HLA-B27 expressing cells, even
prior to stimulation. In addition, the increased phosphorylation of tyrosine 701 observed in
HLA-B27 expressing cells is dependent on PKR activity.

MATERIALS AND METHODS
Cell lines and transfections

The human monocytic cell line U937 was obtained from American Type Culture Collection
(ATCC, Rockville, MD). The U937 cell line expresses the HLA class I alleles A3, A26,
B18, B51, Cw1, and Cw3. Cells were cotransfected with HLA-B*2705 genomic DNA
(B27g) (9) or with mutated HLA-B*2705 (4) and pSV2neo vector (to confer resistance to
Geneticin [G-418]) as described previously (3). In the mutated form of HLA-B*2705
(B27E45M), the methionine is changed to glutamic acid at position 45 (4). For mock, cells
were transfected with pSV2neo (Mock 1) alone. Complementary DNA (cDNA) of HLA-
B*2705 (B27cDNA) cloned into the RSV5neo vector was transfected as described earlier
(3). Transfectants made with RSV5neo alone are referred as ‘Mock 2’. All transfectants
were stable and selected for G-418 resistance and for surface expression of the transfected
molecule (4).

The cells were maintained in supplemented RPMI 1640 medium (4). The expression of
transfected HLA molecules was confirmed by FACScan flow cytometry (BD
Immunocytometry Systems, San Jose, CA) each time the new batch of cells was thawed for
use. Cells were stained with fluorescein isothiocyanate-conjugated anti-human HLA-B27
monoclonal antibody (mAb) (clone FD705-9EIEI0; One Lambda, Canoga Park, CA) as
described previously (4). The level of HLA-B27 expression was comparable in all HLA-B27
transfected cells as shown earlier (4), and comparable to HLA-B51, one of the MHC class I
molecules endogenously expressed by U937 cells. The expression levels corresponded to
those physiologically expressed on the cell surface of peripheral blood monocytes (3).

LPS stimulation
Cells were diluted to a concentration of 1.0 × 106/ml and seeded in 25 cm2 tissue culture
flasks (Greiner Bio One, Frickenhausen, Germany). For differentiation to adherent
macrophages, the cells were incubated with 10 ng/ml phorbol myristate acetate (PMA;
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Sigma-Aldrich, St Louis, MO) for 24 hours. Cells were stimulated with S. enteritidis LPS
(Sigma-Aldrich) as described earlier (10)

Infection with S. enteritidis
The strain of S. enteritidis used was a stool isolate from a patient with Salmonella-triggered
ReA. Prior to infection the cells were treated as described above and infected with S.
enteritidis as described previously (4).

Preparation of cell extracts
After LPS stimulation or infection, samples were harvested and washed twice with ice-cold
PBS. Samples were prepared as described earlier (10).

Western blot analysis
Western blots were performed using rabbit polyclonal antibodies STAT1, phospho-STAT1
Tyr701 and phospho-STAT1 Ser727 (Cell Signaling Technology, Danvers, MA). Rat
monoclonal antibody Hsc70 (Stressgen Bioreagents, Ann Arbor, MI) was used as a loading
control. To quantify the intensity of the bands, the densitometric analysis was performed by
MCID 5+ image analysis software. Relative intensity (RI) of the bands were calculated as
intensity of the phosphorylated band divided by the intensity of loading control and
proportioned to the first band of each lane. Two isoforms of STAT1, α and β, were analysed
together as one band.

Inhibition assays
The PKR inhibitor and a negative control for PKR inhibitor (10 μM, Calbiochem,
Darmstadt, Germany) or p38 MAPK inhibitor SB202190 and negative control for p38
inhibitor SB202474 (10 μM, Calbiochem) were added 15 minutes before LPS. The assay
was continued as in LPS stimulation.

Immunofluorescence staining and flow cytometry
PMA-maturated and LPS-stimulated cells were fixed with 1,5-3 % formaldehyde and
permeabilized with 100 % ice cold methanol. For staining Alexa 647-labeled phospho-
specific mAb to STAT1 tyrosine 701 (Becton Dickinson Biosciences, San Jose, CA) was
used. Samples were analysed by FACSCalibur flow cytometry (BD Biosciences). The
statistical analysis was performed using Student’s two-tailed t-test.

RESULTS
To study whether HLA-B27 has an influence on STAT1 regulation, we used U937 cells
transfected either with genomic or cDNA for HLA-B27 (B27g or B27cDNA, respectively)
To investigate whether the modulatory effects of HLA-B27 on STAT1 regulation are caused
by misfolding HLA-B27 HCs, we used cells expressing mutated HLA-B27 molecule
(B27E45M). In these cells methionine at position 45 in the B pocket, a region of the peptide-
binding groove is substituted for glutamic acid. It has been shown that glutamic acid at this
position is critical for the aberrant behaviour of B27 molecule, and that substitution with
methionine dramatically enhances folding and prevents misfolding (2, 4).

STAT1 tyrosine 701 phosphorylation is enhanced in HLA-B27 expressing cells
As shown in Figure 1A, LPS stimulation increased the phosphorylation of tyrosine 701 by 2
hours in all transfectants (Mock 1, B27g and B27E45M). Interestingly, tyrosine 701 was
found to be strongly phosphorylated in B27g transfectants even prior to stimulation, whereas
only a modest activity was observed in B27E45M cells and no detectable activity in Mock 1
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cells. Flow cytometry was used to confirm the data obtained from western blot. The median
intensity of p-STAT1 tyrosine 701 fluorescence measured in B27g expressing cells was
significantly stronger than in Mock 1 and B27E45M expressing cells, even prior to LPS
stimulation. In addition the difference of fluorescence intensity between Mock 1 and B27g
expressing cells was statistically significant (p < 0,05) (Figure 1B). To even further confirm
that expression of wild type B27 leads to increased phosphorylation, a completely distinct
transfected cell line, B27cDNA, was examined (Figure 1C). A strong constitutive
phosphorylation of tyrosine 701 was observed in B27cDNA transfectants when compared
with Mock 2, and LPS stimulation increased the phosphorylation.

Next we examined the activity of another important phosphorylation site of STAT1, serine
727. As shown in Figure 1D, Serine 727 was phosphorylated prior to LPS stimulation in all
transfectants. The phosphorylation was modestly stronger in B27g transfectants compared to
Mock 1 and B27E45M transfectants. LPS stimulation led to increased phosphorylation of
serine 727 at 2 hours in all transfectants (Figure 1D).

Next we wanted to find out if phosphorylation of STAT1 tyrosine 701 is also enhanced in
HLA-B27 expressing cells exposed to Salmonella infection. As shown in Figures 2A and
2B, bacteria induced a more dramatic increase in tyrosine 701 phosphorylation in all
transfectants when compared to LPS stimulated cells and phosphorylation of tyrosine 701
was detected prior to infection. Phosphorylation of serine 727 was slightly increased in
B27g cells when compared to Mock 1 and mutated B27E45M cells, even prior to infection
(Figure 2C). The resolution of STAT1 isoforms, α and β, varies from experiment to another,
probably due to methodological variability.

PKR activity is required for constitutive STAT1 tyrosine 701 phosphorylation in HLA-B27
expressing cells

Since PKR is known to regulate STAT1 activation (7, 8), we studied how inhibition of PKR
affects STAT1 phosphorylation. Interestingly, phosphorylation of STAT1 tyrosine 701 was
dramatically decreased in B27g cells in both LPS and unstimulated cells due to PKR-
inhibition (Figure 3A). In Mock 1 cells the PKR inhibitor had only a small influence on
spontaneous tyrosine 701 phosphorylation in unstimulated cells, but the usual LPS-induced
increase in phosphorylation (Figure 1A) was prevented (Figure 3A). PKR-inhibitor had also
an effect on STAT1 serine 727 phosphorylation (Figure 3B). In both B27g and Mock 1
transfected cells, the inhibition of PKR prevented serine 727 phosphorylation almost
completely in unstimulated cells. Interestingly, in B27g transfected cells the phosphorylation
stayed relatively high after PKR inhibition although in Mock 1 cells it was effectively
prevented (Figure 3B).

Since the p38 MAPK pathway is known to participate in serine 727 phosphorylation of
STAT1 (11), we used p38 inhibitors to test whether it affects the activation of STAT1. LPS
stimulation increased phosphorylation of serine 727 in 2 hours (as in Figure 3B), but the
inhibition of p38 activity had no effect on either constitutive or LPS-induced
phosphorylation of serine 727 (Figure 3C).

DISCUSSION
In the present study, we examined the phosphorylation of transcription factor STAT1 in
cells expressing the MHC class I protein HLA-B27. We found that in HLA-B27 positive
monocytic cells tyrosine residue 701 of STAT1 is constitutively highly activated when
compared to control cells, even prior to LPS or bacteria stimulation. In addition, this
activation is dependent on PKR.
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To understand the importance of the modulatory effects induced by B27, we have studied
the interaction between ReA-triggering bacteria and the host. Recently, we observed that
PKR is overexpresssed but hypophosphorylated in monocytic cells stably expressing HLA-
B27 (Sahlberg et al.). This finding prompted us to study the regulation of STAT1 since PKR
has been reported to regulate STAT1 activity (7, 8).

STAT1 belongs to a family of signal transducers and activators of transcription and it plays
a central role in the induction of IFN-dependent genes. The latent unphosphorylated form of
STAT1 resides in the cytoplasm but after tyrosine 701 phosphorylation it dimerizes,
translocates to the nucleus and activates gene expression. In addition, phosphorylation of
serine 727 residue of STAT1 is required for its maximal transcriptional activity. Type I and
II IFNs are known to induce phosphorylation of both tyrosine 701 and serine 727 residues
(12, 13). Furthermore, common stress signals stimulate STAT1 serine 727 phosphorylation
(11). We observed that B27 expression spontaneously induced constitutive phosphorylation
of tyrosine 701 in STAT1. Since activation of this residue is sufficient to induce IFN-
dependent genes (14), constitutive activity may lead to overexpression of these genes in
HLA-B27 monocyte-macrophages.

PKR is shown to be involved in STAT1 activation. PKR-/- bone-marrow-derived mouse
macrophages exhibited defective STAT1 phosphorylation in response to LPS (7), and in
mouse osteoblasts, loss of PKR activity induced aberrant accumulation of STAT1 protein
(15). Interestingly, we observed that inhibition of PKR activity induced a dramatic decrease
in STAT1 tyrosine 701 phosphorylation in B27 positive cells. Although further studies are
required to explain these interesting results, these findings support the idea of disturbed PKR
signaling in the cells expressing HLA-B27 molecule.

Our findings offer novel insights into understanding the role of HLA-B27 in the
pathogenesis of ReA, and possibly AS and other related SpAs. In conclusion, STAT1 plays
an important role regulating inflammation in infection and the delicate balance between
proinflammatory and anti-inflammatory mediators. Thus, these results suggest a possible
mechanism by which B27 expression alone, without any external trigger, is potentially
capable of inducing activation of a critical regulator of the inflammatory response.
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Figure 1.
STAT1 tyrosine 701 phosphorylation is enhanced in LPS stimulated HLA-B27-transfected
cells compared to mock and mutated HLA-B27 (B27E45M) cells. U937 cells were
transfected with genomic clones of HLA-B27 (B27g), mutated HLA-B27 clones
(B27E45M) or with vector (Mock 1) for A, B and D, and with cDNA encoding HLA-B27
(B27cDNA) or with vector alone (Mock 2) for C. Cells were PMA-maturated, stimulated
with LPS and collected 15 min or 2 hours after stimulation. A, Phosphorylation of STAT1
tyrosine 701 studied by Western blot method with p-STAT1 Tyr701 antibody. B, Cells
subjected to flow cytometry analysis and STAT1 tyrosine phosphorylation detected with
conjugated p-STAT1 Tyr701 antibody. Values are proportioned to Mock 1 control and are
the mean and SD of 3 independent experiments. C, Phosphorylation of tyrosine 701
analysed by western blot with p-STAT1 Tyr701 antibody. D, Phosphorylation of serine 727
analysed by western blot with p-STAT1 Ser727 antibody. Western blots were stripped and
reprobed with STAT1 antibody and Hsc70 antibody as loading controls. Double band seen
in blots (A, C and D) represents α and β isoforms of STAT1. Figures are representative of 3
independent experiments. *RI = relative intensity of the bands, see material and methods.
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Figure 2.
STAT1 tyrosine 701 phosphorylation is enhanced in Salmonella enteritidis infected HLA-
B27-transfected cells compared to mock cells and mutated HLA-B27 (B27E45M) cells.
U937 cells were transfected with genomic clones of HLA-B27 (B27g), mutated HLA-B27
clones (B27E45M) or with vector (Mock 1) for A and C and with cDNA encoding HLA-
B27 (B27cDNA) or with vector alone (Mock 2) for B. PMA-maturated U937 cells were
infected with S. enteritidis and collected 15 min or 2 hours after washing excess bacteria
away. A, Phosphorylation of STAT1 tyrosine 701 studied by Western blot method with p-
STAT1 Tyr701 antibody. B, Phosphorylation of tyrosine 701 analysed by western blot with
p-STAT1 Tyr701 antibody. C, Phosphorylation of serine 727 was analysed by western blot
with p-STAT1 Ser727 antibody. Blots were stripped and reprobed with STAT1 antibody and
Hsc70 antibody as loading controls. Double band seen in blots (A, B and C) represents α and
β isoforms of STAT1. Figures are representative of 3 independent experiments.
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Figure 3.
PKR regulates phosphorylation of STAT1 tyrosine 701 and serine 727. PKR inhibitor
decreases phosphorylation of STAT1 tyrosine 701 and serine 727 in LPS stimulated and in
unstimulated cells, whereas p38 inhibitor has no effect on serine 727 phosphorylation. HLA-
B27 genomic DNA transfected U937 cells (B27g) and Mock 1 cells were treated with PKR
or p38 inhibitors (10 μM of each) or with PKR or p38 negative control molecules (10 μM of
each) 15 minutes before LPS was added. Cells were harvested 2 hours after LPS stimulation.
A, Cells treated with PKR inhibitors and phosphorylation of STAT1 tyrosine 701 studied by
Western blot method with p-STAT1 Tyr701 antibody. B, Cells treated with PKR inhibitors
and phosphorylation of STAT1 serine 727 studied by Western blot method with p-STAT1
Ser727 antibody. C, Cells were treated with p38 inhibitors and phosphorylation of serine
727 studied by Western blot method with STAT1 Ser727 antibody. Double band seen in
blots represents α and β isoforms of STAT1. Blots were stripped and reprobed with STAT1
and Hsc70 antibodies as loading control. RI values are proportioned to first lanes of
unstimulated and LPS stimulated bands in each blot.
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