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Cytoplasmic DNA sensing boosts CD4*T cell
metabolism for inflammatory induction
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DNA accumulation is associated with the development of autoimmune inflammatory diseases. However, the patholog-
ical role and underlying mechanism of cytoplasmic DNA accumulation in CD4* T cells have not been well established.
Here, we show that Trex1 deficiency-induced endogenous DNA accumulation in CD4* T cells greatly promoted their
induction of autoimmune inflammation in a lupus-like mouse model. Mechanistically, the accumulated DNA in CD4*
T cells was sensed by the KU complex, then triggered the activation of DNA-PKcs and ZAK and further facilitated the
activation of AKT, which exacerbated glycolysis, thereby promoting the inflammatory responses. Accordingly, blocking
the DNA sensing pathway in CD4+T cells by genetic knockout of Zak or using our newly developed ZAK inhibitor iZAK2
attenuated all pathogenic characteristics in a lupus-like inflammation mouse model induced with Trex71-deficient CD4*
T cells. Overall, our study demonstrated a causal link between DNA-sensing and metabolic reprogramming in CD4* T
cells for inflammatory induction and suggested inhibition of the DNA sensing pathway may be a potential therapy for
the treatment of inflammatory diseases.

Introduction Since the discovery of high levels of cell-free DNA (cfDNA) in
SLE patients in 1966 [14], cfDNA has been considered a potential
biomarker for autoimmunity disease. There are numerous stud-
ies revealing the mechanisms of cfDNA release in SLE, which
mainly include cell death processes and active release [15]. SLE
is a disease characterized by accelerated apoptosis and impaired
clearance of apoptotic cells, and shows evidence of cfDNA with
an apoptosis-like size distribution pattern [16]. Studies in SLE
patients indicated that ATP depletion resulted in the sensitization
of CD4* T cells to undergo necrosis, thus enabling the release
of cfDNA. In addition, neutrophil extracellular traps, a structure
in which the extracellular chromatin fibrils entangle microbes, are
also found to deposit under SLE [17]. Cells could also secret DNA
in the form of microparticles, the frequency of which is higher in

Immune system evolves multiple mechanisms for controlling
self-reactivity to maintain homeostasis, defects in which can cause
pathogenic autoimmunity, defined as ‘autoimmune diseases’ [1].
Emerging evidences have revealed that self-DNA accumulation
gives rise to autoimmune diseases in mutant mice harboring DNA
metabolism and in patients with Aicardi-Goutieres Syndrome
(AGS) and systemic lupus erythematosus (SLE) [1-7]. In addition,
there is much progress in defining pathogenic mechanisms asso-
ciated with the nucleic-acid sensors in innate immune cells, espe-
cially the cGAS-STING pathway [8—10]. For example, ablation
of Trex1, an exonuclease degrading DNA in the cytoplasm, ren-
ders mice to develop an autoinflammatory phenotype accompa-
nied by elevated expression of interferon (IFN)-stimulated genes

(ISGs), which can be reversed by inhibition of cGAS or STING [9, the circulation of SLE patients [18]. And extracellular DNA plays
11]. Defects arising from RNase H2 are linked to lethal autoim- an important role in the pathogenesis of SLE. For example, Toll-

mune diseases including AGS and SLE, with massive IFNs in a like receptor 9, expressed mainly within plasmacytoid dendritic
cGAS-STING-dependent manner [12, 13]. cells, recognizes DNA and leads to type | IFN production, which
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has been closely associated with SLE in human and mouse mod-
els [19]. However, the involvement of DNA sensing in the adaptive
immune cells in accumulated-DNA-driving autoimmune diseases
has not been clearly clarified. Whats more, the mechanism behind
accumulated-DNA-driving autoimmune diseases is essential to
be elaborate.

Our previous study showed that cytoplasmic DNA sensed
by the KU complex in CD4* T cells potentiates proliferation and
exacerbates autoimmune inflammatory pathology in aged mice
through activation of the kinase ZAK, suggesting a potential role
of DNA sensing in CD4* T cells during SLE pathogenesis [20].

T cells responding to stimuli exhibit rapid proliferation and
differentiation with higher demand for energy and biosynthesis,
which requires metabolic reprogramming. Quiescent T cells are
characterized by importing small amounts of glucose, fatty acids,
and amino acids to fuel the tricarboxylic acid cycle and oxidative
phosphorylation (OXPHOS) metabolism. Following activation, the
proliferating or autoreactive T cells initiate metabolic reprogram-
ming, including increasing mitochondrial biogenesis, promoting
glutaminolysis, and using primarily glycolysis to support anabolic
pathway [21-25]. The role of glycolysis in activated T cells has
been well demonstrated. Deficiency of Glut1 in CD4* T cells atten-
uates glucose uptake, glycolysis, and further prevents proliferation
and differentiation [26]. Ablation of G/ut3in T cells prevented Th17-
cell-mediated immune response by controlling the production of
acetyl-CoA and histone acetylation of cytokines [27]. SLE is an
autoimmune disease in which autoreactive CD4* T cells play an
essential role. Several studies have demonstrated elevated glycol-
ysis and OXPHOS in CD4* T cells in SLE [28-30]. As mentioned
above, deficiency of self-DNA clearance is responsible for SLE,
however, the link between self-DNA accumulation and metabo-
lism reprogramming in CD4* T cells has not been investigated.

Here, we showed that the overactivated DNA sensing through
the KU-ZAK system in Trex17-CD4* T cells greatly enhanced the
glycolysis, thereby leading to sever pathogenic symptoms in an
inducible lupus-like inflammation model, which is a novel mecha-
nism for accumulated DNA in pathogenesis in SLE. Accordingly,
targeting the KU-mediated DNA sensing pathway by using the
KU or ZAK inhibitor suppressed CD4+* T cell glycolysis and thus
alleviated autoimmune inflammation.

Results

DNA accumulation in CD4*T cells promotes glycolysis and
inflammatory attack

To examine the role of DNA accumulation in CD4+ T cells, we
analyzed the cellular metabolism in Trex77~ CD4* T cells, which
displayed self-DNA accumulation in the cytosol [31, 32]. Trex17~
CD4+ T cells exhibited increased glycolysis and OXPHOS upon
TCR activation, as measured by the extracellular acidification rate
(ECAR), the oxygen consumption rate (OCR), and transcriptional
levels of related genes (Fig. 1A—E). Consistently, transfection of
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double-stranded DNA (dsDNA) in CD4* T cells promoted glycol-
ysis and OXPHOS, which can be reversed by digesting cytoplas-
mic DNA through co-treating with DNase | (Fig. 1F-J). We also
observed more nuclear DNA leakage such as L7 and Tert, as
well as more mitochondrial DNA Dloop1 in memory CD4* T cells
than in naive CD4* T cells, which support that T cell activation,
with higher metabolic activity, was accompanied by increased
cytoplasmic DNA contents (Fig. 1K). Previous study found both
higher ECAR and OCR in naive CD4* T cells in SLE, which is
further amplified with age and activation [28]. And our previous
study showed more dsDNA in aged or activated CD4* T cells [20].
Those were consistent with our study here, showing the correla-
tion between DNA contents and metabolism rates in CD4+ T cells.

In our previous work, accumulated DNA in CD4+* T cells pro-
moted proliferation and pathogenic phenotypes in experimental
autoimmune encephalomyelitis (EAE) [20]. Considering that gly-
colysis has been shown to be involved in CD4* T cell activation
and inflammatory response [33], we proposed that elevated gly-
colysis may be intermediate between DNA accumulation and T
cell-mediated autoimmune diseases. To verify our hypothesis,
we adoptively transferred CD4+* T cells from C57BL/6 into BM12
mice to establish a lupus-like inflammation mouse model [34, 35].
The results showed mice immunized with Trex7- CD4* developed
more sever pathogenic symptoms than those transferred with WT
CD4* T cells, including the increased percentages of T follicular
helper cells (Tfh), germinal center (GC) B cells, and plasma cells
in the spleen (Fig. 2A and 2B), and more IgG deposition in the kid-
ney as well as the higher levels of anti-nuclear antibodies (ANAs)
in the serum (Fig. 2C). The administration of 2-Deoxy-D-glucose
(2-DG), an inhibitor of glycolysis, clearly normalized the SLE-like
pathological characteristics in Trex77-CD4* T cells immunized
BM12 mice (Fig. 2A—C). Previous evidence has demonstrated
that inhibiting glycolysis using 2-DG ameliorated SLE biomarkers
in the NZB/W spontaneous lupus model [28], and our results are
consistent with those. Collectively, these data support the conclu-
sion that DNA accumulation causes SLE with sever inflammatory
attack for fueling glycolysis in CD4* T cells.

Accumulated DNA-fueled glycolysis is independent of cGAS-
STING pathway

A number of studies have revealed that a central regulator of
cytosolic DNA sensing is cGAS, which is activated upon binding
to dsDNA, and triggers the signaling cascade of STING to pro-
duce a battery of immune and inflammatory mediators, including
type | and Il IFNs [8, 10]. And recent works showed that the KU
complex could also sense cytosolic DNA to mediate the produc-
tion of IFNs in different types of human and rodent cells and pro-
mote proliferation through the activation of DNA-PKcs and ZAK
in CD4* T cells independent of the cGAS-STING system [20].
To clarify the underlying mechanism by which cytoplasmic DNA
regulates glycolysis in CD4* T cells, we first excluded the role of
the cGAS-STING pathway because deletion of cGAS or STING
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Figure 1. DNA accumulation boosted glycolysis and OXPH

0OS in CD4+ T cells.

(A-D) Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) measurements of WT and Trex77-CD4* T cells upon TCR
stimulation (a-CD3/28, 1 pg/mL) for 24 h. (B, D) The statistical results are presented as a bar graph. (E) The transcriptional levels of glycolysis-

related genes in WT and Trex7~- CD4* T cells ex vivo and under TCR

stimulation (a-CD3/28, 1 pg/mL, TCR) for 36 h. (F-I) ECAR and OCR

measurements of CD4* T cells treated with dsDNA or DNase | upon TCR stimulation (a-CD3/28, 1 pg/mL) for 24 h. (G, 1) The statistical

results are presented as a bar graph. (J) The transcriptional levels of

glycolysis-related genes in CD4* T cells treated with dsDNA or DNase

| ex vivo and under TCR stimulation (a-CD3/28, 1 pug/mL, TCR) for 36 h. (K) gPCR analysis of cytoplasmic DNA extracted in naive CD4*

(CD44-CD62L*CD4*) and memory CD4* (CD44*CD62L-CD4*) T cells

ex vivo. Statistics, two-tailed Students t test. Error bars represent SD.

Differences were considered to be significant at P < 0.05 and are indicated by *, those at P < 0.01 are indicated by **, and those at P < 0.001

are indicated by ***.

neither affect glycolysis and OXPHOS in CD4* T cells transfected
with dsDNA nor in CD4+* T cells treated with DNase |, which was
observed using ECAR, OCR, and QPCR analysis of glycolysis-re-
lated genes (Fig. 3). Considering the low expression of cGAS in
CD4+ T cells in our previous study [20], the conclusion that cGAS-
STING system didnt mediate DNA-boosted metabolism is greatly
justified.

Life Medicine, 2023, Volume 2

Blocking DNA sensing signaling in CD4* T cells suppresses
glycolysis and SLE

Next, we examined whether the KU-ZAK pathway was involved
in the regulation of glycolysis in CD4* T cells. The results showed
that DNA-boosted glycolysis and OXPHOS in Trex77- CD4* T cells
upon TCR stimulation could be normalized by STL127705 (Fig.
4A—-E), an inhibitor of Ku70/80-DNA interaction, and NU7441
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Figure 2. DNA accumulation in CD4+ T cells potentiates inflammatory attack through glycolysis.

(A—C) BM12/SJL mice (recipient, R) were immunized with WT and Trex7~- CD4* T cells (donor, D), and then intraperitoneally injected once
every day with 2-DG (200 mg/kg) or PBS as control for 3 weeks. (A, B) Flow cytometric analysis of Tfh (CXCR5*PD1+CD4+), GC B (Fas*GL-
7+CD19), and plasma cells (CD138*CD19") in the spleen. Immunofluorescent analysis of anti-nuclear antibody (ANA) in serum (C, top) and
IgG deposition in the kidney (C, bottom, scale bar: 50 pm). Data are presented as immunofluorescent images (C, left, scale bar: 50 pm) and
quantification bar graphs (C, right). Statistics, two-tailed Students t test. Error bars represent SD. Differences were considered to be significant
at P < 0.05 and are indicated by *, those at P < 0.01 are indicated by **, and those at P < 0.001 are indicated by ***.

(Fig. 4F—=J), an inhibitor of DNA-PKcs, as measured by ECAR,
OCR, and QPCR analysis of related genes as Glut1, Glut3, and
HK-2. In order to directly verify the DNA sensor in CD4* T cells,
we pull down KU70 and cGAS to analyze the DNA contents. The
results showed that KU70, but not cGAS could be effectively co-im-
munoprecipitated with cytoplasmic DNA in memory CD4+ T cells
(Fig. S1), which is consistent with our previous work [20]. Also,
Zak deficiency reduced glycolysis and OXPHOS in Trex77-CD4*
T cells (Fig. 5A-E). In line with the results in Trex17-Zak”- CD4*
T cells, transfection of dsDNA failed to intensify both glycolysis
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and OXPHOS in Zak™- CD4+* T cells (Fig. 5F—J). TCR stimulation
could induce DNA accumulation in CD4* T cells as our previous
study revealed [20], which can explain why Zak’= CD4* T cells
also showed lower glycolysis and OXPHOS without transfection
of dsDNA or deficiency of Trex7 under TCR activation.

To verify the role of ZAK in regulating DNA-induced glycolysis
in vivo, we adoptively transferred WT, Trex17-and Trex17-Zak™-
CD4* T cells into BM12 mice. The results showed that Zak defi-
ciency could reverse the SLE phenotype induced by immunizing
with Trex7"- CD4+ T cells, as displayed by decreased percentages

Life Medicine, 2023, Volume 2
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Figure 3. DNA-mediated glycolysis in CD4+ T cells is independent of the cGAS-STING pathway.

(A-D) ECAR and OCR analysis of WT and Cgas™ or Sting”- CD4* T cells treated with dsDNA and DNase | under TCR activation for 24 h. (B,
D) The statistical results are presented as a bar graph. (E) The transcriptional levels of glycolysis-related genes in WT, Cgas’ and Sting” CD4*
T cells treated with dsDNA or DNase | ex vivo and under TCR stimulation (a-CD3/28, 1 pyg/mL, TCR) for 36 h. Statistics, two-tailed Students t
test. Error bars represent SD. Differences were considered to be significant at P < 0.05 and are indicated by *, those at P < 0.01 are indicated
by **, and those at P < 0.001 are indicated by ***.
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Figure 4. DNA-fueled glycolysis in CD4* T cells could be blocked by inhibiting the KU-DNA-PKcs pathway.

(A-D) ECAR and OCR analysis of WT and Trex7”- CD4* T cells treated with STL127705 (50 puM) upon TCR stimulation for 24 h. (B, D) The
statistical results are presented as a bar graph. (E) The transcriptional levels of glycolysis-related genes in WT and Trex7” CD4* T cells treated
with STL127705 (50 pM) under TCR stimulation for 36 h. (F—I) ECAR and OCR analysis of WT and Trex7”- CD4* T cells treated with NU7441 (1
pM) upon TCR stimulation for 24 h. (G, |) The statistical results are presented as a bar graph. (J) The transcriptional levels of glycolysis-related
genes in WT and Trex7”- CD4+ T cells treated with NU7441 (1 uM) under TCR stimulation for 36 h. Statistics, two-tailed Student’s ¢ test. Error
bars represent SD. Differences were considered to be significant at P < 0.05 and are indicated by *, those at P < 0.01 are indicated by **, and

those at P < 0.001 are indicated by ***.

of Tth, GC B, and plasma cells in the spleen (Fig. S2A and S2B),
the reduced production of anti-dsDNA/ssDNA/histone 1gG and
IgM in the serum (Fig. 5K), the less IgG deposition in the kidney,
and the lower levels of ANA in the serum (Fig. 5L).

In order to certify the role of ZAK in the DNA sensing path-
way, we found that NU7741 reduced glycolysis and OXPHOS in
WT CD4* T cells, using analysis of ECAR, OCR, and glycoly-
sis-related gene expression, but had little impact on Zak’- CD4+
T cells (Fig. 6A-D, I). A recent work showed that AKT is the
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downstream of the KU-ZAK pathway and engagement of AKT
enables cellular metabolism reprogramming to meet proliferation
and effector functions [36—38]. Consistent with those findings,
our results showed that inhibition of AKT using a pan-AKT inhib-
itor Ipatasertib, also lowered glycolysis in WT CD4* T cells but
did not impair Zak’-CD4* T cells (Fig. 6E-H, I). Collectively, we
confirmed that cytoplasmic DNA was sensed by the KU complex
and then potentiated metabolism through the initiating DNA-PKcs
response, followed by activation of ZAK and AKT. These results

Life Medicine, 2023, Volume 2

PIJAL ']

o
o
Brkad
=
D



http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnad021#supplementary-data

icine

=
2]
>
<
=

A B C D
- WT - Trex1/ WT ™ Trex1/- -~ WT - Trexi/- WT M Trex1/-
-o- Trex1/-Zak'!- W Trex1/-Zak/- -o- Trex1/-Zak ' o M Trex1-/-Zak /-
__ 50 40 — 200 .
€ £ £ = -
E 40 E 30 £ 150 g 130 *
I 30 T E :5 100 1
™ e 20 100 .
TE' 20 = 'E ‘g 50 i
= 10 i
g 10 g g % § Tliag s
0 T J 0 0 r v : ] (1}
0 20 40 60 80 >.& . &
. _ 0 20 40 60 &80 & 248 &S ‘_oc:,
Time (min) & Time {min) T W @'s*q? &
E © @f’ Q" ‘é,Q Qg‘? ,gf‘
WT M Trex1/- M Trex1'Zak/
g 6 il 5 i 25 dkk 15 ok 8 i 5 e
F S qa 3 %o g 6 4
3 3 29 S 4 33
%‘: % 2 i - (?: 13 < 2 - E-I : -~
<% o 0 @ 5 o= "
o« & <O W < RS
F G H |
- WT-Veh -+ WT-dsDNA WT-Veh = WT-dsDNA ¢~ WT-Veh -+~ WT-dsDNA WT-Veh = WT-dsDNA
Zak'--Veh -o Zak'--dsDNA Zak'--Veh ™ Zak/--dsDNA Zak'-Veh -* Zak'--dsDNA Zak'!--Veh W™ Zak'/--dsDNA
£*
— 60 60 . 150 . 100 -
E £ £ £ I
E E E
T 40 T 40 3 B ! =
a z 2 E 50 i B
£ E s ' — 1 10 s
g 20 ns: 20 5 J § 'i*ﬁ M bl bt
w ~ [ o ] iR ]
0 0855 40 o 8 Crars $ T o
0 20 40 60 80 0 20 40 60 80 e@‘? & Qg -b“%‘ @c:
Time (min) Time (min) é{’ ‘;&" & . ;Q\@éf’
] & & & F I
WT-Veh ™ WT-dsDNA ™ Zak/--Veh ™ Zak/--dsDNA
< *kk Skk ¥+ ok .
25 ° = . 3 15 ¢ 53 s _ins 6
S Y 6 ns, i
E 7] E# "‘-E Ei . ns %10 34 ‘zﬁ 215 ¥ :‘I_S _§4 ] 1 -4 N :.1_5
%EGZ.. -l m:._ . Sa| I T10 I <2 §21
= @ 0 - 0
] & <® o <& < & & <t © & e
K = Wt = Trexi/ - Trex1/Zak’ L
. WT M Trex1/-
dsDNA-IgG ssDNA-IgG histone-1gG ] W Trext-Zakc-
0.20 i 0.20 . e .. 03 R R: BM12/CD45.1* mice
g 0.15 _:;o 0.15 —3 0.2 . — D: WT Trex1'-  Trex1'-Zak/ 5 sk
3 : 2 B
g 0.10 /4; 0.10 ) g a
© 0.05 0.05 s 0.1 b
00051 3 3 %05 1733 %51z 3 § 3T
dsDNA-IgM ssDNA-IgM histone-IgM 1 g
0.25 ... 020 0.25 ree wrs 5 7 s
n 0.20 "7 015 . XX eww 0,20 2 10
g 015 / 0.10 0.15 * 3
0.10 . V;*é::“ 0.10 1 <]
S0l ¥ oo 0.05 g °°
00073 3 000553 3 000 —F5—F 53 - 00

Weeks post CD4* T cells immunization

Figure 5. Zak deficiency in CD4: T cells could abolish DNA-boosted glycolysis and inflammation.

(A-D) ECAR and OCR analysis of WT, Trex7”- and Trex1”-Zak’ CD4* T cells upon TCR stimulation for 24 h. (B, D) The statistical results are
presented as a bar graph. (E) The transcriptional levels of glycolysis-related genes in WT, Trex7” and Trex1”Zak’ CD4* T cells under TCR
stimulation for 36 h. (F-I) ECAR and OCR analysis of WT and Zak” CD4* T cells transfected with dsDNA upon TCR stimulation for 24 h. (G,
I) The statistical results are presented as a bar graph. (J) The transcriptional levels of glycolysis-related genes in WT and Zak” CD4* T cells
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Figure 6. DNA-PKcs-ZAK-AKT pathway mediates DNA sensing involved in glycolysis in CD4+ T cells.

(A-D) ECAR and OCR analysis of WT and Zak”- CD4* T cells treated with NU7441 (1 uM) under TCR activation for 24 h. (B, D) The statistical
results are presented as a bar graph. (E-H) ECAR and OCR analysis of WT and Zak”’ CD4* T cells treated with Ipatasertib (2 uM) under TCR
activation for 24 h. (F, H) The statistical results are presented as a bar graph. () The transcriptional levels of glycolysis-related genes in WT
and Zak” CD4* T cells treated with NU7441 (1 pM) or Ipatasertib (2 pM) ex vivo and under TCR stimulation (a-CD3/28, 1 pg/mL, TCR) for 36
h. Statistics, two-tailed Students t test. Error bars represent SD. Differences were considered to be significant at P < 0.05 and are indicated by
*, those at P < 0.01 are indicated by **, and those at P < 0.001 are indicated by ***.

transfected with dsDNA under TCR stimulation for 36 h. (K-L) Lupus model was induced by immunizing BM12/SJL mice (recipient, R) with
WT, Trex1”, and Trex1"Zak’ CD4* T cells (donor, D). (K) Anti-dsDNA, anti-ssDNA, and anti-histone 1gG or IgM in serum from the immunized
mice at the indicated time using ELISA. The level of ANA in serum (L, top, scale bar: 50 pm) and IgG deposition in the kidney (L, bottom, scale
bar: 50 pym). Data are presented as immunofluorescent images (L, left) and quantification bar graphs (L, right). Statistics, two-tailed Students ¢
test. Error bars represent SD. Differences were considered to be significant at P < 0.05 and are indicated by *, those at P < 0.01 are indicated
by **, and those at P < 0.001 are indicated by ***.
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revealed that blocking DNA sensing using inhibition of the KU/
DNA-PKcs/ZAK/AKT pathway could reverse SLE diseases mainly
through preventing metabolism reprogramming in activated CD4+*
T cells.

Inhibiting DNA sensing pathway is potential for SLE therapy

Our recent work has screened an inhibitor targeting ZAK, named
iZAK2, which has been shown could abolish the DNA-boosted
enhancement of AKT activation and cell proliferation in CD4* T
cells, further to attenuate EAE-related autoimmune symptoms
in aged mice [20]. Here, we tested the effect of iZAK2 in the

glycolysis of CD4* T cells and the pathological symptoms of
SLE. In vitro, ECAR, OCR, and QPCR analysis confirmed the
reduced glycolysis and OXPHOS in Trex7- CD4+* T cells treated
with iZAK2 (Fig. 7A-E). Also, we excluded the toxicity of iZAK2
using apoptosis analysis (Fig. S3A). In vivo, treatment with
iZAK2 attenuated the SLE symptoms in a lupus-like inflamma-
tion model induced in BM12 mice transferred with Trex7--CD4+
T cells, as measured by anti-dsDNA/ssDNA/histone 1gG or IgM
and ANA in the serum (Fig. 7F), the frequencies of Tth, GC B
and plasma cells in the spleen ( Fig. S3B and S3C), and the IgG
deposition in the kidney (Fig. 7G). Therefore, these results sup-
port that targeting the DNA sensing pathway using iZAK2 may

A B D
- WT Trex1'- WT W Trex1/- - WT -o- Trex1/- WT -TIEXI""I'
-o- Trex1/--iZAK2 W Trex1/-iZAK2 —o Trex1/-iZAK2 200 W Trex1/-iZAK2
—_ 60 —_— 50 *EK = 200
£ [ £ ity n ‘£ € 150 =
£ H £ 5 180 £ R Lt
[=]
g & £ 100 £ 100 i
x 20 = & s = 50| e
2 2 ° g ==
0 T ) 0 0 ~
0 26. 40 .so 80 0 20 40 60 80 ,gﬁ' éoﬁ‘ Q & @zoe @c\
Time (min) Time {min) Qvé? Lo é,;\é@ -':z{?e‘r‘&
E & & F L
WT M Trex1/- M Trex1/-iZAK2 -
< 6 ¥kt g a0 wxx 10 e ok 6 =
Z = a — 8 =
£9 wa < o w 30 Y 6 - 4
£% S 53 ) 3w $d <y g :
_% ;-_. 0 2 - [} 1l- Q 10 % a 2 0 o2 .
¥ 0 0 0 L e 3 0
e W < & <0 W <d W <G C NERE
-~ \WT-PBS -+-WT-iZAK2 %~ Trex1/--PBS-®- Trex1/-iZAK2 R: BM12/CD45.1* mice
dsDNA-IgM ssDNA-IgM histone-IgM  D: WT-PBS  TrexI1/-PBS WT-iZAK2 Trex1/-iZAK2 5 e
- 3‘2 0.5 0.8 g 4
. 0.4
g 03 %\\L 03 2}# o] 14N 3
0.2 =] 02 =~ { ol B
° 01 S 7 = o2 81
7013 300753 005153 0
dsDNA-IgG ssDNA-IgG histone-1gG —
0.5 g.i g.s S
w 0.4 . — 4 — =
=] . T [a]
g 03 & 0.3 u__l&g 0.3 I . <)
g 0.2 0.2 0.2
0.1 0.1 0.1 gﬂ
0051 3 3 0% 133 %5132 3

Weeks post CD4* T cells immunization

Figure 7. Targeting ZAK could ameliorate accumulated-DNA-induced inflammation.

(A-D) ECAR and OCR analysis of WT and Trex7- CD4* T cells treated with iZAK2 (1 pM) under TCR activation for 24 h. (B, D) The statistical
results are presented as a bar graph. (E) The transcriptional levels of glycolysis-related genes in WT and Trex7”- CD4* T cells treated with
iZAK2 (1 pM) ex vivo and under TCR stimulation (a-CD3/28, 1 pg/mL, TCR) for 36 h. (F-G) BM12/SJL mice (recipient, R) were immunized
with WT and Trex77~ CD4* T cells (donor, D), and then intraperitoneally injected once every two days with iZAK2 (50 mg/kg) or vehicle as
control for 3 weeks. (F) The anti-dsDNA, anti-ssDNA, and anti-histone IgG or IgM in serum were examined by ELISA. ANA in serum (G top,
scale bar: 50 pm) and the kidney IgG deposition (G bottom, scale bar: 50 pm) were visualized using immunofluorescence. Data are presented
as Immunofluorescent images (G left) and quantification bar graphs (G right). Statistics, two-tailed Students t test. Error bars represent SD.
Differences were considered to be significant at P < 0.05 and are indicated by *, those at P < 0.01 are indicated by **, and those at P < 0.001

are indicated by ***.
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be a potential therapeutic strategy for autoimmune diseases
such as EAE and SLE.

Discussion

A mass of studies performed in mutant mice deficient in self-nu-
cleic-acid clearance has revealed a causal link between the over-
activation of the nucleic acid-sensing system in innate immune
cells and autoimmune diseases. And multiple individual pathways
can coverage on a similar clinical presentation. For example, the
deficiencies of Trex1, all components of RNase, and SAMHD1,
leading to AGS, are known to be upstream of the cGAS-STING
pathway [5, 9, 39—41]. The mutations of DNase | have been
identified in mice and human with SLE, which are involved in
MyD88-dependent TLR signaling [42, 43]. The Adar-deficiency
mice showed a massive type | IFN signaling, which is driven by
the MDA5-MAVS pathway, leading to embryonic lethality [44,
45]. These results underscore the importance of identifying path-
way-specific dysregulation in treating autoimmune diseases such
as AGS and SLE. Therefore, the inhibition of cGAS-STING is a
promising therapeutic target for autoimmune diseases, but is lim-
ited to the diseases that are cGAS-dependent.

Here, our work showed that an overactivated DNA sensing
pathway, clarified as the KU-ZAK system, in Trex7-deficient CD4+*
T cells successfully induced an autoimmune disease with the
symptoms similar to SLE, suggesting the DNA sensing system in
adaptive immune cells is also critical for the development of SLE.
Moreover, an inhibitor of ZAK, iZAK2 could suppress pathogenic
characteristics of lupus-like inflammation, and our previous work
has shown that iZAK2 could also ameliorate autoimmune inflam-
mation in aged mice [20], both of which support the potential
therapeutic benefits of iZAK2. Considering that the engagement
of innate immune precedes and ignites the adaptive immune
response, and activated T helper cells are the major mediators in
autoimmune diseases [1], the application range of iZAK2 may be
wider than cGAS-STING inhibitors.

cGAS performs a universal sensing mechanism to recognize
a wide range of dsDNA in the cytosol including those leaking out
from the nucleus and mitochondria, or acquired from the extra-
cellular microenvironment, and pathogenic ones. The process is
in a sequence-independent manner and the longer dsDNA binds
more stable with cGAS [46]. DNA-PK complex is composed of a
DNA-PK catalytic subunit (DNA-PKcs) and KU heterodimer con-
sisting of KU70 and KU80, the main role of which is in DNA repair
through non-homologous end joining (NHEJ). DNA-PK binds to
and is activated by the end of dsDNA, thus acting as the sensor
for the end of dsDNA. As cGAS, KU binds to the end of dsDNA
without any particular preference in the nucleotide sequence and
then recruits DNA-PKcs via the C-terminal region of KU80. NHEJ
is also implicated in the process of V(D)J recombination in the
immune system, ensuring the enormous diversity of immunoglob-
ulins and T cell receptors [47, 48]. The different cellular functions
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and DNA recognition models of the two systems may account for
the different roles of the two in CD4* T cells. In consistent with the
hypothesis, our previous work showed lower expression of cGAS
than DNA-PK complex in T cells.

The activated cGAS drives the synthesis of cGAMP and
engages STING to initiate the induction of type | IFN and extensive
array of ISGs, which presents canonical cGAS-STING signaling
accompanied by activation of NF-xB signaling to encode pro-in-
flammatory cytokines [46]. Considering that inflammation is a high
energy-expenditure process and reprograms the metabolism in
immune cells, it is reasonable to suppose that the activation of the
cGAS/STING system link to cellular metabolism. Recent studies
have shown that Trex7 KO BMDM (bone marrow derived macro-
phage), with elevated cGAS-STING signaling, reduced mitochon-
drial respiration but increased glycolysis [49]. DNA-PKcs shows
the structural similarity to phosphatidylinositol 3-kinase (PI3K)
and assembles the phosphatidyl inositol 3-kinase-like protein
kinases family [48]. PI3Ks mediate the activation of AKT protein
and mTOR, the important pathway controlling multiple cellular
processes. DNA-PKcs is shown to activate AKT in response to
DNA damage and promote cell survival [50, 51]. Also, our previous
work showed activated DNA-PKcs phosphorylates ZAK and fur-
ther activates AKT to promote T cell proliferation under TCR acti-
vation or in aged T cells with dsDNA accumulation [20]. According
to the studies, DNA sensing signaling engages in regulating mul-
tiple cellular processes including metabolic reprogramming.

Cell-intrinsic metabolic programs, including energy produc-
tion, nutrient utilization, and metabolite biosynthesis, are consid-
ered important risks for inflammatory [52]. In rheumatoid arthritis,
inhibiting fatty-acid oxidation or restoring oxidant signaling by
using pro-oxidants menadione and buthionine sulfoximine could
suppress synovial inflammation [53]. Inhibiting PFKFB3 with
3-PO, a rate-limiting enzyme in glycolysis, prevents the T cell-me-
diated delayed hypersensitivity [54, 55]. 2-DG treatment, inhibit-
ing glycolysis, could suppress the development of EAE and SLE
[28, 29, 56]. Thus, targeting metabolism or the signaling pathways
engaged in metabolic adaption is a potential strategy for treating
autoimmune disease.

Our data emphasized the contribution of accumulated DNA
to metabolism reprogramming in CD4* T cells. DNA accumulation
in Trex1- CD4* T cells or induced by transfecting dsDNA in WT
CD4+ T cells, exhibited higher glycolysis and OXPHOS upon TCR
activation. Mechanistically, we found that accumulated DNA was
sensed by the KU complex, activated DNA-PKcs and ZAK, then
triggered the activation of AKT and further facilitated metabolism
(Fig. 8). Consistently, in vivo, administration of either iZAK2 or
2-DG could attenuate pathogenic characteristics in a lupus-like
inflammation model induced with Trex7- CD4* T cells.

Considering that TCR activation promotes DNA accumulation
in the cytoplasm in CD4* T cells as reported before [20], and in
our results, CD4* T cells with Zak deficiency also reduced glycol-
ysis and OXPHOS under TCR stimulation. We proposed that the
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Figure 8. The model of DNA-boosted CD4+ T cell metabolism.
DNA leakage occurs with inflammation, leading to DNA accumulation in CD4* T cells. Accumulated DNA in CD4* T cells is sensed by KU70/
KU80-DNA-PKcs complex and then activates ZAK, further to activate AKT and enhance glycolysis and OXPHOS, which fuels the pro-

inflammatory activity of CD4* T cells.

engagement of DNA-sensing in metabolism reprogramming was
coupled with the initiation of TCR signaling. According to our data,
we suggest that there may be a positive feedback loop in CD4* T
cells regulating autoimmune disease. Trex1 deficiency is linked to
spontaneous inflammation in multiple organs [3, 5, 9, 31, 32], in
which CD4* T cells are exposed to a pro-inflammatory environment
with initiating effector function and metabolism reprogramming.
Then activated CD4* T cells augment glycolysis due to the accumu-
lated DNA, and that further leads to sever pathogenic symptoms.

In summary, our data clarified that DNA accumulation in
CD4+ T cells triggered glycolysis, and then caused autoimmune
diseases, which may be a new explanation for harboring DNA
metabolism leading to autoimmune diseases. Here, we also iden-
tified that the ZAK inhibitor, iZAK2 could ameliorate autoinflam-
matory by reducing glycolysis. Further research and development
for this inhibitor to block DNA sensing pathway in the adaptive
immune system may be beneficial for autoimmune disease
therapy.

Research limitations

Overall, our study clarified a novel mechanism that DNA accumu-
lation in CD4* T cell potentiates glycolysis and OXPHOS, which

Life Medicine, 2023, Volume 2

also explains the nosogenesis of DNA accumulation leading to
autoimmunity diseases. However, whether or not there is a struc-
ture preference for KU-mediated DNA sensing remains to be
explored. We also failed to clarify the source of cytosolic DNA,
from leaking out of nuclear and mitochondria or acquired from the
extracellular matrix. Therefore, it is uncertain whether the mecha-
nism occurs disease limitations due to the specific biological char-
acteristics of DNA sensed by KU. And the correlation among DNA
contents, T cell metabolism activity, and severity index of SLE
remains to be explored. In addition, despite iZAK2 showing ther-
apeutic potential, more research for feasibility should be taken.

Methods

Mice

Zak flox mice were generated from Shanghai Research Center for Model
Organisms and then were backcrossed with C57BL/6 mice at least for
six generations. The C57BL/6 background Zak flox mice were crossed
with CD4-Cre mice to produce T cell-conditional Zak-knockout mice.
Trex1-~ mice were generated by microinjection of four independent sgR-
NAs together with Cas9 nuclease mRNA into in vitro fertilized oocytes
of C57BL/6 mice as described in our previous study. Cgas~~ and Sting™
mice were as previously described [20]. BM12 mice were provided by Dr.
N. Shen (Shanghai Institutes for Biological Sciences, Chinese Academy
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of Sciences). SJL mice were purchased from Shanghai Model Organisms
Center. In some experiments, BM12 transgenic mice were crossed with
SJL transgenic to generate BM12/SJL mice. All mice were maintained in a
specific pathogen-free facility.

T cell isolation and activation

Murine CD4* T cells were isolated from the spleen and peripheral lymph
nodes of mice with Mouse CD4+ T cell isolation kit (Biolegend). For meta-
bolic measurements, isolated CD4* T cells were subjected to anti-CD3 (1
pg/mL) and anti-CD28 (1 pg/mL) stimulation with the indicated treatment
or not for 24 h. For gRT-PCR, CD4+T cells were stimulated with plate-bound
anti-CD3 (1 pg/mL) and anti-CD28 (1 pg/mL) with indicated treatment for
the indicated time. For inhibitor treatment, CD4* T cells were treated with
Ipatasertib (2 uM), Nu7441 (1 pM), iZAK2 (1 pM), and STL12205 (50 pM).
For the transfection of dsDNA, CD4+ T cells were seeded in 96-well-plate
and transfected with calf thymus DNA using Lipofectamine 2000 accord-
ing to the manufacturers instruction. For DNase | treatment, 10 mg/mL
DNase | was supplemented in the culture medium.

Induction of lupus-like disease model

The induction of the lupus-like disease model was as previously described
[20, 35]. In brief, 75 million purified CD4* T cells from WT, Trex7”~ and
Trex17-Zak™~ mice were intravenously injected into BM12/SJL mice. For
treatment of inhibitors, mice were intraperitoneally (i.p.) injected once a
day with 2-DG (200 mg/kg) or once every 2 days with iZAK2 (50 mg/kg)
and the same amount of vehicle (5% DMSO + 95% saline) for 3 weeks,
which was initiated at the first day of model induction.

Antibody measurement

The sera were collected at first, second, and third week of the lupus
model and measured anti-dsDNA, anti-ssDNA, and anti-histone antibod-
ies by enzyme-linked immunosorbent assay (ELISA). ANAs were detected
using Hep-2 ANA kits (INOVA Diagnostic) following the manufacturers
instructions.

Renal pathology

Formalin-fixed frozen mouse kidney sections were stained with Alexa Fluor
488-conjugated goat anti-mouse IgG. Antibody staining was detected
using an LSM880 confocal microscopy and the fluorescence intensity was
determined using Image J.

Metabolic measurements

Extracellular acidification rates (ECARs) and oxygen consumption rates
(OCRs) were measured using an XFe24 or an XF*96 Extracellular Flux
Analyzer (Seahorse Bioscience). For ECAR assay, cells were resus-
pended in basic media supplemented with 2 mM L-glutamine (Gibco) and
analyzed under basal conditions followed by treatment with under-men-
tioned agents: glucose (10 mM); the ATP synthase inhibitor oligomycin (2
pM); and glucose analog 2-DG (100 mM). For the OCR assay, cells were
resuspended in basic media supplemented with 10 mM glucose, 2 mM
L-glutamine (Gibco), and 1 mM sodium pyruvate (Gibco) and analyzed
under basal conditions following treatment with agents: the ATP synthase
inhibitor oligomycin (2 pM); the protonophore carbonyl cyanide-4-(trifluo-
romethoxy) phenylhydrazone (FCCP) (1 pM) to uncouple mitochondria;
the mitochondrial complex | inhibitor rotenone (500 nM); and the mito-
chondrial complex Il inhibitor antimycin A (500 nM).

Real-time quantitative RT-PCR (qRT-PCR)

Total RNA was extracted using TRIzol reagent and subjected to cDNA
synthesis using PrimeScript RT Reagent Kit (Takara). gRT-PCR was
performed on QuantStudio 7 Flex Real-Time PCR System (Applied
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Biosystems) with SYBR Green Master Mix (Novoprotein). The expression
of individual genes was calculated by a standard curve method and nor-
malized to the expression of Actb. The primers used for PCR analysis were
presented in Table S1.

Quantification of cytoplasmic DNA and co-immunoprecipitated
(colP) DNA

Cytoplasmic DNA and co-immunoprecipitated DNA quantification were
performed as previously described [20]. In brief, CD4* T cells were divided
into two equal aliquots. One aliquot was resuspended in 300 mL of lysis
buffer (10 mM Tris—HCI pH 8.0, 100 mM NaCl, 25 mM EDTA, and 0.5%
SDS), which acted as normalization controls for total cellular DNA. The
second equal aliquots were resuspended in 300 mL of permeabilization
buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 2 mM EDTA, and 50 mg/
mL digitonin) following plasma membrane permeabilization with 10-min
incubation on ice. DNA from whole-cell lysates or cytoplasmic extract
was obtained with phenol-chloroform and precipitated with alcohol, and
then quantified by NanoDrop2000 (Thermo). Cytoplasmic DNA values
were normalized to total cellular DNA abundance for whole-cell extracts
to account for the variations of cell number among samples. For extraction
of co-immunoprecipitated DNA, the cytoplasmic extract was incubated
with anti-Ku70 or anti-cGAS antibody, respectively. After incubation at 4°C
for 4 h on a rotator, protein-A/G magnetic beads were added into tubes
to pull down the target protein. Finally, samples were washed extensively
and then subjected to DNA extraction using a TIANamp Micro DNA Kit.
Quantification of colP DNA was performed by real-time PCR. The colP
cytoplasmic DNA levels were normalized with total cellular DNA. Real-time
PCR was performed to detect DNA levels by using specific primers tar-
geted to L1, Tert, and Dloop1 genes. The primers used for PCR analysis
were presented in Table S1.

Flow cytometry

For analysis of surface markers, cells were stained in PBS on ice for 30
min. For cell apoptosis measurement, cells were stained in 1xbinding
buffer (BD Biosciences) using annexin V-PE (1:100) as manufacturers
instructions. Data collection was performed on a Beckman Gallios cytom-
eter and analyzed using FlowJo software.

Research ethics

All animal experiments were complied with all relevant ethical regulations
for animal testing and research and were in accordance with protocols
approved by the institutional Biomedical Research Ethics Committee,
Shanghai Institute of Nutrition and Health, Chinese Academy of Sciences.

Statistical analysis

The data are shown as mean + SD, and unless otherwise indicated, all the
presented data were the representative results of at least three indepen-
dent repeats. Statistical analysis was performed by using GraphPad Prism
8 (Graph-Pad Software), and the statistics were analyzed by a two-tailed
Students ¢ test as indicated. Differences were considered to be significant
at P < 0.05 and are indicated by *, those at P < 0.01 are indicated by **,
and those at P < 0.001 are indicated by ***.

Data availability

All data that supported the findings of this study are available within the
article and its supplementary materials.
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Supplementary material is available at Life Medicine online.
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