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Abstract

Aims: T cells play pathophysiologic roles in kidney ischemia-reperfusion injury (IRI), and the nuclear factor
erythroid 2-related factor 2/kelch-like ECH-associated protein 1 (Nrf2/Keapl) pathway regulates T cell re-
sponses. We hypothesized that clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9)-mediated Keapl-knockout (KO) augments Nrf2 antioxidant potential of CD4+ T
cells, and that Keapl-KO CD4+ T cell immunotherapy protects from kidney IRI.

Results: CD4+ T cell Keapl-KO resulted in significant increase of Nrf2 target genes NAD(P)H quinone dehy-
drogenase 1, heme oxygenase 1, glutamate-cysteine ligase catalytic subunit, and glutamate-cysteine ligase modifier
subunit. Keap-KO cells displayed no signs of exhaustion, and had significantly lower levels of interleukin 2 (IL2)
and IL6 in normoxic conditions, but increased interferon gamma in hypoxic conditions in vitro. In vivo, adoptive
transfer of Keapl-KO CD4+ T cells before IRI improved kidney function in T cell-deficient nu/nu mice compared
with mice receiving unedited control CD4+ T cells. Keapl-KO CD4+ T cells isolated from recipient kidneys 24 h
post IR were less activated compared with unedited CD4+ T cells, isolated from control kidneys.

Innovation: Editing Nrf2/Keap1 pathway in murine T cells using CRISPR/Cas9 is an innovative and promising
immunotherapy approach for kidney IRI and possibly other solid organ IRI.

Conclusion: CRISPR/Cas9-mediated Keapl-KO increased Nrf2-regulated antioxidant gene expression in
murine CD4+ T cells, modified responses to in vitro hypoxia and in vivo kidney IRI. Gene editing targeting the
Nrf2/Keapl pathway in T cells is a promising approach for immune-mediated kidney diseases.
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Introduction

CUTE KIDNEY INJURY (AKI) is an important worldwide

health care problem associated with increased mortality
and morbidity (Ishani et al., 2009; James et al., 2011; Pech-
man et al,, 2009). A major cause of AKI is ischemia-
reperfusion injury (IRI) resulting from a temporary reduction
of kidney blood flow. To date, there is no specific therapy
available for AKI.

The role of immune cells in the pathogenesis of early in-
jury during kidney IRI is well established and increasingly
linked to repair processes in kidney (Anders et al., 2021;
Battistone et al., 2020; D’ Alessio et al., 2019; Dong et al.,
2007; Jang and Rabb, 2015; Kinsey and Okusa, 2014). CD4+
T cells are important mediators as CD4+ T cell-deficient mice
are protected during kidney IRI, and adoptive transfer of
CD4+ T cells worsened postischemic renal injury in CD4+ T
cell-deficient mice (Burne et al., 2001; Rabb et al., 2000).
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Among CD4+ T cells, pro- and anti-inflammatory sub-
groups exist. AKI is promoted by T helper (Th)l cells
through tumor necrosis factor alpha (TNF«) and interferon
gamma (IFN7y), as well as by Thl7 through interleukin
(IL)17A. The course of experimental kidney IRI can be im-
proved by Th2 and regulatory T (Treg) cells (Dellepiane
et al., 2020; Gandolfo et al., 2009; Gharaie Fathabad et al.,
2020; Kinsey et al., 2009; Lee et al., 2019; Marques et al.,
2006; Mehrotra et al., 2019; Mehrotra et al., 2017; Yokota
et al., 2003). Thus, T cell-based therapies have potential
for AKL

The nuclear factor erythroid 2-related factor 2/kelch-like
ECH-associated protein 1 (Nrf2/Keapl) pathway is a prom-
ising therapeutic target for kidney diseases (Stenvinkel et al.,
2021). Nrf2 is an important transcription factor, which con-
trols multiple antioxidant genes such as NAD(P)H quinone
dehydrogenase 1 (Ngol), heme oxygenase 1 (HmoxlI),
glutamate-cysteine ligase catalytic subunit (Gclc), and
glutamate-cysteine ligase modifier subunit (Gclm).

In steady state, Keapl regulates the cytoplasmic levels of
Nrf2 by targeting it for proteasomal degradation. However,
under oxidative stress such as during kidney IRI, the asso-
ciation between Keapl and Nrf2 is lost, which leads to in-
creased nuclear translocation of Nrf2 and upregulation of
numerous antioxidant genes. The role of Nrf2 in kidney
diseases is being actively investigated in various disease
models, such as autosomal-dominant polycystic kidney dis-
ease, IgA nephropathy, and diabetic kidney disease.

There have been several clinical trials assessing phar-
macological Nrf2 activators; for example, 2-cyano-3,
12-dioxooleana-1,9(11)-dien-28-oic acid methyl ester (CDDO-
Me, bardoxolone methyl) (Kong et al., 2017; Lu et al., 2020;
Stenvinkel et al., 2021; Yang et al., 2013). However, long-
term treatment with CDDO-Me has been reported to be as-
sociated with cardiac adverse events and a development of
albuminuria, which led to the termination of phase 3 clinical
trial (de Zeeuw et al., 2013). Albuminuria has also been found
in murine models after Nrf2 upregulation (Rush et al., 2021).

The Nrf2 pathway was initially shown to be activated in
kidney IRI using microarray technology (Leonard et al.,
2006). Subsequent studies showed that Nrf2-deficient mice
had a worse course of ischemic and nephrotoxic AKI, and
Nrf2 pharmacologic upregulation improved the course of
kidney IRI (Liu et al., 2014; Liu et al., 2009). However, mice
with deletion of Keap! in renal tubular epithelial cells de-
veloped hydronephrosis due to reduced aquaporin 2 levels
(Nezu et al., 2017a; Suzuki et al., 2017). Keap1 hypomorphic
mice are protected from AKI in different models (Tan et al.,
2016).

Considering the important role of T cells in kidney IRI, T
cell-specific deletion of Keapl is a potential therapeutic tar-
get. A previous study demonstrated that T cell-specific Keap
deletion in mice (CD4-Keap-knockout [KO]) led to struc-
tural and functional protection against kidney IRI. In addi-
tion, adoptive transfer of T cells from CD4-Keap1-KO mice
with increased Nrf2 activity protected wild-type (WT) mice
from kidney IRI (Noel et al., 2015).

Clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein 9 (Cas9)-based gene
editing is a powerful novel tool that allows targeted modifi-
cations in genetic material to disrupt or enhance the activity
of the target gene ex vivo (Doudna, 2020).
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Recently, KEAPI-KO in human T cells using CRISPR/
Cas9 led to successful upregulation of Nrf2 target genes;
however, its therapeutic potential was not tested in kidney IRI
or other kidney disease models (Noel et al., 2018). In this
study, we demonstrate that ex vivo Keap1-KO using CRISPR/
Cas9 in murine CD4+ T cells upregulated Nrf2-dependent
antioxidant target genes, and adoptive transfer of Keap-KO
CD4+ T cells provided functional protection from kidney IRI.

Results

Keap1-KO using CRISPR/Cas9 augmented Nrf2 target
gene expression

To test the efficiency of Keapl-KO on Nrf2 target gene
expression in murine CD4+ T cells, three different single-
guide RNAs (sgRNAs) were used. These sgRNAs targeted
different sites of Keapl gene, exon 2 (Table 1), and were
tested individually (sgRNAI1, sgRNA2, or sgRNA3) or in
combination (sgRNA1 + 2 + 3). Primary mouse CD4+ T cells
were cultured for 48 h before the ribonucleoprotein (RNP)
complex, consisting of sgRNA and Cas9, was delivered.
Cells were harvested 24 h after electroporation, and effect of
Keapl-KO was assessed by quantifying Nrf2 target gene
expression (Fig. 1).

Quantitative real-time polymerase chain reaction (qRT-
PCR) analyses revealed a significant increase in Ngol (>9.5-
fold for all tested sgRNAs, p <0.001), HmoxI (>4.3-fold for
all tested sgRNAs, p <0.01), and Gcle (>2.1-fold for all tested
sgRNAs, p<0.0001) 24 h after electroporation for all tested
sgRNAs both individually and in combination (Fig. 2A). We
chose sgRNA3 for subsequent experiments, based on the
strongest increase in Nqol mRNA expression and significant
upregulation of HmoxI and Gclc mRNA expression.

We further assessed mRNA expression of pro- and anti-
inflammatory cytokines, 24 h after RNP electroporation, to
detect potential immunological changes caused by Keapl-
KO. We observed a significant upregulation of 7nfa in
Keapl-KO CD4+ T cells compared with control cells
(1.91+0.1-fold, p<0.05). There was no difference in Ifng,
1117, and 1110 mRNA expression between Keapl-KO and
control CD4+ T cells (Fig. 2B).

Keap1-KO resulted in sustained antioxidant gene
expression

Since the development of immunotherapy requires ex-
tended culture time to produce sufficient number of cells for
adoptive transfer, we assessed the effect of prolonged culture
time on Nrf2 target gene expression in Keapl-KO CD4+ T
cells. CD4+ T cells belonging to control and Keapl-KO

TABLE 1. SINGLE-GUIDE RNA SEQUENCES USED
TO TARGET KEAPI, EXON 2

Keapl target Sequence

sgRNAL 5-CGCGCGCTGCAAGGACTACC-3’
sgRNA2 5“TGACCCAGTCGATGCACGCG-3’
sgRNA3 5’-ATCATCCCGGCTGATGAGCG-3’

Keapl, kelch-like ECH-associated protein 1; sgRNA, single-guide
RNA.
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groups were cultured up to 96h after electroporation, and
antioxidant gene expression assessed using qRT-PCR. We
observed robust and sustained upregulation of Nrf2 target
genes Nqgol (74 £ 13.2-fold, p <0.01), HmoxI (5.5 0.6-fold,
p<0.01), Gele (2.9£0.7-fold, p>0.05), and Gelm (2.6 £0.6-
fold, p=0.055) in KeapI-KO T cells compared with control
cells (Fig. 3A). This demonstrated that Keapl-KO using
CRISPR/Cas9 resulted in sustained Nrf2 activation.

Immunoblot analysis confirmed Keap1-KO

We further assessed the effect of CRISPR/Cas9-mediated
Keapl gene editing on KEAP1 protein expression, 96 h after
RNP electroporation. Immunoblot analysis revealed signifi-
cantly reduced KEAPI protein expression (73% knockdown)
in Keapl-edited CD4+ T cells compared with control CD4+
T cells. NQOI1 protein expression showed 50% higher ex-
pression in Keapl-edited cells compared with control cells.
These results confirmed that CRISPR/Cas9 successfully
abolished KEAPI protein expression in Keapl-KO CD4+ T
cells with subsequent upregulation of Nrf2 target genes
in vitro.

Sustained Nrf2 augmentation did not induce CD4+
T cell activation or exhaustion

We further assessed whether continuous Nrf2 activity in-
duces CD4+ T cell activation or exhaustion. Flow cytometric
analysis of Keapl-KO CD4+ T cells showed no difference in
FoxP3 expression compared with control cells at 72h time
point. Activation markers CD25 and CD69 were comparable
between the groups at 72 h time point (Fig. 3C). In addition,
we observed no difference in cytokine expression of TNFo,

IFN7y, IL17, and IL10 between Keapl-KO and control cells
(Fig. 3D). Cell numbers between KeapI-KO and control
CD4+ T cells were comparable 24 and 96 h after electro-
poration (Supplementary Fig. S1).

To further evaluate whether knocking out Keap! using
CRISPR/Cas9 technology results in CD4+ T cell exhaustion
in ex vivo culture conditions, we assessed expression of
coinhibitory molecules including programmed cell death
protein 1 (PD1), cytotoxic T-lymphocyte-associated protein
4 (CTLA4), and T-cell immunoreceptor with immuno-
globulin and ITIM domains (TIGIT) in KeapI-KO CD4+ T
cells compared with control cells at 96 h time point after
Keapl-KO. We did not observe any effect on above-
mentioned coinhibitory molecules related to T cell ex-
haustion in Keapl-KO T cells compared with control cells
(Fig. 3E).

Keap1-KO of CD4+ T cells changed their cytokines
and Nrf2 target gene expression in normoxic
and hypoxic conditions in vitro

To understand how enhanced Nrf2 antioxidant activity
affected response of kidney-resident CD4+ T cells during
kidney ischemic injury, cells were exposed to in vitro hyp-
oxic conditions.

Keap1-KO CD4+ T cells showed an increase of mRNA
levels of Nrf2 target genes in normoxia for Ngol
(335.2+25.7-fold, p<0.001), Hmoxl (4.9x0.5-fold,
p<0.01), and Gelm (3.010.2-fold, p <0.001) and in hypoxia
for Ngol (36.7+0.8-fold, p <0.0001), Hmox1 (2.9 +0.1-fold,
p<0.0001), and Gelm (1.6£0.1-fold, p<0.001) compared
with control cells (Fig. 4A). There were no significant
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FIG. 2. CRISPR/Cas9-
induced Keapl-gene-KO
increased  Nrf2-regulated
antioxidant and cytokine
gene expression in cultured
murine CD4+ T cells 24h
after electroporation. (A)
Nrf2 target gene mRNA lev-
els. We tested three different
sgRNAs separately and in
combination for Keapl-KO.
All tested sgRNAs and their
combination significantly in-
creased Nrf2-regulated anti-
oxidant mRNA expression in
| murine CD44+ T cells com-
s pared with control cells. (B)
Tnfa  showed  significant
changes using sgRNA3,
whereas there were no chan-
ges in Ifng, 1117, and 1110 in
Keapl-KO CD4+ T cells vs.
control; n=3 in each
group. Statistical analyses
were performed by one-way
ANOVA with post hoc anal-
ysis using Tukey’s honest
. significant difference test (A)
. and paired, two-tailed T-test
B). *p<0.05, **p<0.001,
*#%p <0.001, ***¥p <0.0001.
Ifng, interferon gamma; 7110,
interleukin 10; /117, interleu-
kin 17; sgRNA, single-guide
RNA; Tnfa, tumor necrosis
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changes in hypoxia-inducible factor 1o (Hifla) and B-cell
lymphoma 2 (Bcl2) expression between the groups in nor-
moxic and hypoxic conditions (Fig. 4A).

Cytometric bead array (CBA) analysis of culture super-
natants from Keapl-KO CD4+ T cells revealed significantly
reduced IL2 in Keapl-KO compared with nonedited control
cells in both normoxia (Keap-KO vs. control: 20.2+0.2 ng/
dL vs. 35.9+ 3.3 ng/dL, p <0.05) and hypoxia (Keap1-KO vs.
control: 87.2+9.8 ng/dL vs. 156.5+18.4ng/dL, p<0.05).

In addition, reduced levels of IL6 in Keapl-KO compared
with controls were found under normoxic conditions (KeapI-
KO wvs. control: 543+1.2ng/mL vs. 64.5%t1.2ng/mL,
p <0.01). IFNy levels were significantly increased in Keapl-
KO cells in hypoxia compared with control cells (Keap-KO
vs. control: 8.3+0.4ng/mL vs. 5.5+£0.2ng/mL, p<0.01).
Keap1-KO and control cells showed comparable IL10 ex-
pression in normoxic and hypoxic conditions. IL4, TNF-o,
and IL17A expression was below detection level (Fig. 4B).

Keap1-KO CD4+ T cell inmunotherapy improved
kidney function after IRI

We next assessed the therapeutic potential of Keapl-KO
CDA4+ T cell immunotherapy in an established mouse model
of kidney IRI. We adoptively transferred 10 x 10° Keapl-KO

110 factor alpha.

or control CD4+ T cells into nu/nu mice, ~96h after elec-
troporation. Nu/nu mice lack CD4+ T cells and are therefore
ideal to track adoptively transferred CD4+ T cells. C57BL/6J
background was chosen to avoid rejection of infused cells.

To test for adoptive transfer, an additional group of mice
received PBS alone. Detection of CD4+ T cells in recipient
kidneys 24 h after adoptive transfer confirmed successful
transfer of cells (Supplementary Fig. S2). Mice belonging to
both groups were subjected to IR surgery 24 h after adoptive
transfer of control or Keap/-KO CD4+ T cells.

Keapl-KO CD4+ T cell recipient mice showed signifi-
cantly (p<0.05) reduced plasma creatinine levels
(0.7£0.2mg/dL) compared with mice that received control
CDA4+ T cells at 24 h time point (1.4 0.2 mg/dL) (Fig. 5A).

Histological assessment of recipient kidneys showed no
significant differences of necrotic tubules in the outer me-
dulla in mice that received Keapl-KO CD4+ T cells com-
pared with recipients of control cells at 24 h (KeapI-KO vs.
control CD4+ T cells: 68.8£2.7% vs. 72.7+1.6%, p=0.244)
and 72h after IRI (Keapl-KO vs. control CD4+ T cells:
63.5+10.0% vs. 79.0£1.6%, p=0.100) (Fig. 5B).

Immunophenotyping of nu/nu mice kidneys 72h after
surgery showed significant numbers of CD4+ T cells, dem-
onstrating that adoptively transferred cells trafficked to the
kidneys of recipient mice (Fig. 6A). Furthermore, there was
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no difference in the percentage or absolute number of CD4+
T cells between the control or Keap-KO group.

Examination of CD4+ T cells from recipient kidneys 24 h
after IRI showed significantly (p <0.05) reduced CD25 ex-
pression in Keapl-KO (0.8 £0.8%) CD4+ T cells compared
with controls (6.1+1.5%) (Fig. 6B).

Furthermore, there was a trend for lower TNFo in Keapl-
KO CD4+ T cells compared with control CD4+ T cells
(p=0.056) (Supplementary Fig. S3B). There was no differ-
ence in CD69 expression or intracellular levels of IFNy be-
tween Keapl-KO cells isolated from postischemic kidneys

compared with controls (Supplementary Fig. S3A, S3C).
Analysis of CD4+ T cells from kidneys of recipient mice
showed an extremely week signal for FoxP3 likely due to
small cell numbers.

Discussion

The Nrf2/Keapl pathway is an important mediator and
promising target for the treatment of many kidney diseases,
including IR-induced AKI (Nezu et al., 2017a; Stenvinkel
et al., 2021). It was previously demonstrated that Nrf2-
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tailed T-test. *p<0.05, **p<0.001, ***p<0.001, ****¥p<(0.0001. Bcl2, B-cell lymphoma 2 receptor; Hifla, hypoxia-

inducible factor 1 alpha.

using Keapl-KO murine CD4+ T cells improved kidney

regulated antioxidant response is protective during AKI, and
function in an in vivo model of kidney IRI. This study dem-

that CD4+ T cell-specific Nrf2 augmentation protects mice

from IRI (Noel et al., 2015). In this study, we increased Nrf2
activity of CD4+ T cells via Keap1-KO using CRISPR/Cas9
and tested its therapeutic effect on kidney IRI outcome.
Our optimized CRISPR/Cas9 protocol resulted in signifi-
cant induction of the Nrf2-regulated genes Ngol, Hmoxl,
Gcle, and Gelm in murine CD4+ T cells. Immunotherapy

onstrates the feasibility of T cell gene editing with potential
for human translation to treat kidney diseases.

Our approach to edit Keapl gene using CRISPR/Cas9
technology led to sustained augmentation of Nrf2-regulated
antioxidant gene expression in CD4+ T cells. The results
were confirmed on protein level verifying a sufficient
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KEAPI1-knockdown and NQOI1 upregulation. This observa-
tion is in accordance with previous results using Keapl-KO
in human T cells and Treg cells as well as Cre/lox-based
Keapl deletion in murine T cells (Noel et al., 2018; Noel
et al., 2015).

Immunophenotyping of Keapl-KO CD4+ T cells revealed
a reduced frequency of CD25+ CD4+ T cells compared with
control recipient mice 24 h after adoptive transfer. Interest-
ingly, after 72 h the trend was reversed. We speculate that the
cells’ activation status after anti-CD3/anti-CD28 antibody
stimulation in the beginning vanished. We found a significant
upregulation of 7nfa mRNA levels 24 h after electroporation.
However, there was no difference in protein levels at both 24
and 72 h time points.

Furthermore, other measured cytokines revealed no major
differences in Keapl-KO cells compared with control cells,
specifically at later time points. However, a previous study
using genetic Keapl deletion in murine CD4+ T cells dem-
onstrated significant reduction in TNFo, IFNy, and IL17 ex-
pression (Noel et al., 2015). The discrepancy between these
two studies could be due to heterogeneous characteristics and
partial KO status of CRISPR/Cas9 gene-edited cells, or the
use of CD4+ T cells in this study compared with pan T cells
by prior study. In fact, it has been described that different T
cell subsets can develop toward an either pro- or anti-
inflammatory phenotype after Nrf2 upregulation (Ohl and
Tenbrock, 2021).

Outer medulla

In vitro studies examined responses of Keapl-KO and
unedited control cells in hypoxic and normoxic conditions
after 72h. Antioxidant Nrf2 target gene upregulation was
maintained under hypoxia, however, in an overall lower fold
change than in normoxia, which has previously been shown
for Hmox1 and Gclm (Roman et al., 2010). Hifla expression
was comparable between the groups in our model contrary to
the results shown in renal epithelial cells, indicating possible
differences in Keapl effects on Hifla-regulated responses in
renal epithelial cells versus the CD4+ T cells, and could also
be due to different time points studied.

Analysis of culture supernatants revealed a decrease of IL2
in Keapl-KO cells compared with control cells in both
conditions. Hypoxia-induced upregulation of IL2 in WT
CD4+ T cells has previously been found (Roman et al., 2010).
However, the same study demonstrated an upregulation of
IL2 under in vitro hypoxic conditions in Nrf2 KO CD4+ T
cells, which is different from our findings in Keapl-KO
CD4+ T cells (Roman et al., 2010).

In addition, IL6 levels were significantly lower in KeapI-
KO CD4+ T cells compared with control cells in normoxia.
This is consistent with the finding that CDDO-imidazolide
treatment of WT mice before IR-induced AKI resulted in
lower IL6 levels compared with controls (Liu et al., 2014).
We also demonstrated that Keapl-KO cells produced sig-
nificantly more IFNy than control cells, which was confirmed
on mRNA level. Splenic CD4+ cells from Nrf2 KO mice had
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FIG. 6. Confirmation of adoptive transfer and immunophenotyping of recipient kidneys. (A) Detection of control or
Keapl-KO CD4+ T cells in recipient kidneys confirmed successful adoptive transfer into T cell-deficient nu/nu mice.
Immunophenotyping of recipient mice kidneys 72h after IRI surgery presented significant increase of CD4+ T cell
frequencies and absolute numbers in both experimental groups vs. PBS group; n in experimental groups at 72 h: PBS: 5;
control CD4+ T cells: 8; Keapl-KO CD4+ T cells: 6. One-way ANOVA with unprotected Fisher LSD was performed. (B)
Immunophenotyping of recipient kidney CD4+ T cells after IRI revealed significantly lower CD25 expression in Keapl-KO
CD4+ T cells compared with control CD4+ T cells at 24 h, whereas expression after 72 h was comparable; n in experimental
groups at 24 h: control CD4+ T cells: 4; KeapI-KO CD4+ T cells: 4; n in experimental groups at 72 h: control CD4+ T cells:
8; Keapl-KO CD4+ T cells: 6. Statistical analyses were performed using paired, two-tailed 7-test. *p <0.05, **p <0.001.

LSD, least significant difference.

reduced IFNy production in hypoxic in vitro conditions
(Roman et al., 2010).

Although IFNy is known as proinflammatory cytokine,
recent evidence suggests that it also plays an important role in
T cell maintenance, which might explain its upregulation
(Borges da Silva et al., 2015). Furthermore, there was no
difference in inhibitory receptor expression and IL2 and IFNy
production following Keapl-KO. These results suggest that
neither Nrf2 upregulation nor electroporation leads to T cell
exhaustion in CD4+ T cells and aligns with previously pub-
lished studies (Niissing et al., 2020).

Successful adoptive transfer of Keapl-KO CD4+ T cells
into nu/nu mice resulted in significantly improved renal

function 24 h after IR compared with mice that had received
control CD4+ T cells. Histological assessment revealed no
significant differences of necrotic tubules in mice that re-
ceived Keapl-KO T cells compared with controls. These
findings are in concordance but more modest than previous
observations using T cell-specific Keapl-KO mice that were
structurally more protected from kidney IRI (Noel et al.,
2015).

It is important to note that improvement in kidney function
is the most important factor for patient outcomes, and
changes in function do not always equate to structural
changes. Future experiments with different dosing or re-
agents may also demonstrate changes in structure.
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Renal fibrotic changes occur at least one week after in-
duction of AKI, and were therefore not expected in our model
with a follow-up time of 72 h only (Black et al., 2018; Chung
et al., 2018; Guan et al., 2019). The assessment of the de-
velopment of kidney fibrosis and/or recovery using, for exam-
ple, Masson’s trichrome staining would be an interesting aspect
for future investigations in an AKI-to-chronic kidney disease
model with longer follow-up time (Farris and Alpers, 2014).

Analysis of KeapI-KO CD4+ T cells isolated from nu/nu
mice that were adoptively transferred and exposed to IR
showed significantly reduced CD25, 24 h after IRI. We did
not assess the suppression function of KeapI-KO cells in this
study, but an abrupt increase in antioxidant status and/or
electroporation may have affected CD25 expression. Future
studies are warranted to understand this effect. It is also to be
investigated if additional mechanisms, such as M2 action,
contribute to this effect on top of the antioxidant effect of
Keapl-KO CD4+ T cells preventing a burst of reactive ox-
ygen species during AKI.

Nu/nu mice have been used in the past in many AKI
models (Ascon et al., 2006). However, they are a leaky model
with residual T cell populations (Burne et al., 2001). Im-
munophenotyping of CD8+ and double negative T cells from
recipient kidneys did not show significant differences, con-
firming the impact of adoptively transferred CD4+ T cells on
kidney IRI outcomes.

Keapl KOs, pharmacological Nrf2 activators, and Keap1-
KO by CRISPR/Cas9 might show different effects due to
potentially different molecular changes. We aimed for an
immunotherapeutic approach to bypass potential side effects
and poor elimination of systemically applied drugs targeting
the cells’ redox system such as pharmacological Nrf2 acti-
vators or malonate ester prodrugs, which protect from murine
AKI (Beach et al., 2020). CDDO derivates led to cardio-
vascular side effects and proteinuria in clinical studies (Nezu
et al., 2017b).

Furthermore, administration of malonate ester as prodrugs
shows reduced toxicity (Beach et al., 2020). A functional
crosstalk between Nrf2/Keapl with other pathways such as
nuclear factor kappa B (NF-xB) and HIF1a, all involved in
pathogenesis of ischemic AKI and interconnected, has been
described (Agarwal et al., 2016; Willam, 2014).

In physiologic conditions, Keapl regulates IxB kinase-f3,
which phosphorylates the NF-xB inhibitor IxB by autophagic
degradation and therefore upregulates NF-xB signaling (Kim
et al., 2010). We did not assess these potential differences
between a physiologic and artificially induced Nrf2 upregula-
tion (Pedruzzi et al., 2012; Wardyn et al., 2015). It will be
important for future studies to investigate Keap I-KO effects on
related cellular pathways and to assess potential side effects.

Although our study provided important initial data on
feasibility of gene editing CD4+ T cells, expansion in vitro,
adoptive transfer, and preliminary results in an ischemic AKI
model, this study had various limitations. CRISPR/Cas9-based
gene editing can have undesirable off-target effects. Despite
the fact that we did not observe any gross abnormalities in
CD4+ T cells in this study, we cannot reject the possibility of
off-target effects of our Nrf2/Keapl gene editing.

Second, we were not able to enrich Keap1-KO cells before
adoptive transfer. Since CRISPR/Cas9-based gene editing
results in ~60%—-70% of electroporated T cells in mouse and
in human, enriched edited cells before adoptive transfer could
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augment protective effect in the immunotherapy. However,
enrichment of intracellular targets such as Keapl is techni-
cally difficult.

Nonetheless, ongoing effort to improve CRISPR/Cas9
specificity will substantially reduce off-target effects and
heterogeneity of the infused cells (Michlits et al., 2017).
In vivo gene editing using CRISPR/Cas9 technology has al-
ready successfully been performed in clinical trials for other
diseases, and would allow for bypassing obstacles such as
electroporation, cell death, and adequate T cell expansion
(Gillmore et al., 2021).

CRISPR/Cas9 technology is a promising approach for
upregulating antioxidant capacity of T cells, which can be
further developed as an effective therapy for kidney diseases
(Miyagi et al., 2016). Possible applications for a future T cell
therapy for humans could be preoperative treatment to pre-
vent ischemic AKI due to cardiac surgery or deceased donor
kidney transplantation.

Recently, novel T cell-based therapies such as immune
checkpoint inhibitors and chimeric antigen receptor T cells
for cancer treatment have been associated with an increased
incidence of AKI highlighting the pathogenic role of T cells
(Gutgarts et al., 2020; Herrmann and Perazella, 2020). In
addition, gene editing of the Keap! gene or other target genes
may help ameliorate AKI, and therefore prevent this adverse
side effect. Furthermore, other immune-mediated kidney
disease models can be studied, including allograft rejection
and glomerulonephritis.

Innovation

AKI is a major health care problem without specific ther-
apy. T cells are important pathophysiologic players, and
parallel studies showed that the Nrf2/Keapl pathway regu-
lating antioxidant responses is protective during IR-induced
AKI and other kidney diseases such as Alport syndrome.

This study demonstrates that ex vivo Keap1-KO of murine
T cells using CRISPR/Cas9 technology is a promising ap-
proach for developing immunotherapy for AKI. CRISPR/
Cas9-induced Keapl gene KO in CD4+ T cells resulted in
upregulation of antioxidant Nrf2 target genes. Adoptively
transferred Keapl-KO T cells into nu/nu mice improved
kidney function. Gene editing of T cells targeting Nrf2/
Keapl pathway is a promising technology for ischemic AKI
and other immune-mediated kidney diseases (see graphic
summary illustration, Fig. 1).

Methods
Animals

Eight- to eleven-week-old male C57BL/6J WT and ho-
mozygous B6.Cg-Foxnl1™/J (nu/nu) on a C57BL/BJ back-
ground mice (strain number: 000819) were purchased from
Jackson Laboratory (Bar Harbor, ME). For cryopreserved
colony management, mouse embryos were frozen after 51
backcrosses of nu/nu male to C57BL/6J female mice in al-
ternating generations and used for breeding up to 10 gener-
ations. Mice were housed at the central animal facility of the
Johns Hopkins University under specific pathogen-free con-
ditions. Animal protocols used for this study were approved
by the Johns Hopkins University Institutional Animal Care
and Use Committee.
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CD4+ T cell isolation and culture

Spleens and inguinal lymph nodes were harvested from
WT mice, passed through a 70-um strainer (Fisherbrand,
Pittsburgh, PA; 22363548), and washed with PBS containing
2% fetal bovine serum (FBS) and 1 mM EDTA. Pan CD4+ T
cells were enriched by negative selection using the EasySep
Mouse CD4+ T cell Isolation Kit (STEMCELL Technolo-
gies, Cambridge, MA; 19852).

Primary pan mouse CD4+ T cells were isolated and cultured
in six-well plates with anti-CD3e (Clone: 145-2C11; Tonbo
Bioscience, San Diego, CA; 70-0031) and anti-CD28 anti-
bodies (Clone: 37.51; Tonbo Bioscience; 70-0281) (10 ug/mL)
for 48h in complete Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS, 100 mM nonessential
amino acid, 1% penicillin and streptomycin, 10mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
55mM f-mercaptoethanol, and 2 mM L-glutamine.

Optimization of CRISPR/Cas9-based Keap1-KO
and RNP complex preparation for Keap1-gene-KO

Adjusted conditions with a sgRNA:Cas9 of 1.8:1 ratio and
electroporation settings of 1600 V, 3 pulses, 10 ms were used
for Keapl-gene-KO per published protocol with minor
modifications (Seki and Rutz, 2018).

CRISPR/Cas9-mediated Keapl-KO was achieved by de-
livering RNP complexes. RNP complexes were prepared by
assembling different sgRNAs (Synthego) separately or in
combination (Table 1; 66 pmol/500,000 cells) with Cas9
protein (36 pmol/500,000 cells) (IDT, Newark, NJ). To im-
prove electroporation efficiency, Alt-R Cas9 electroporation
enhancer oligo (1.8 uM; IDT) was added before transferring
into CD4+ T cells using electroporation by Neon Transfec-
tion kit and device (Invitrogen, Waltham, MA; Kkit:
MPK10025; device: MPK5000) set at 1600 V, 3 pulses, and
10ms. Control CD4+ T cells were electroporated without
sgRNA and Cas9.

After electroporation, the cells were cultured in antibiotic-
free complete DMEM supplemented with 10% FBS, 100 mM
nonessential amino acid, 10mM HEPES, 55mM f-
mercaptoethanol, 2 mM L-glutamine, and IL2 (100 U/mL) for
24 h in 12-well plates. After 24 h, culture medium was changed
to complete DMEM containing 1% penicillin and streptomycin,
and the cells were harvested at various time points depending on
the experimental design. Medium was changed every 48h.
Downstream analyses included qRT-PCR, immunophenotyp-
ing, and cytokine/chemokine of culture supernatants assessment
via Immunology Multiplex Assay (ThermoFisher Scientific,
Waltham, MA; EXP110-20820-901).

Analysis of Nrf2 targets, cytokine, Bcl2 and Hif1a gene
expression

To analyze Nrf2-dependent antioxidant gene expression,
total RNA was isolated with RNeasy Mini and Micro Kit
(Qiagen, Hilden, Germany; Mini Kit: 74104; Micro Kit:
74004) from CD4+ T cells. cDNA was synthesized using a
high-capacity cDNA reverse transcription kit (Applied Bio-
systems, Waltham, MA; 4368814).

Ready-made TagMan primer and probe sets (Thermo-
Fisher Scientific) for Ngol (Mm00500821_ml), Hmoxl
(Mm00516005_mI), Gcle (Mm00802655_ml1), Gclm

969
(Mm01324400_ml), Hifla (Mm00468869_mlI), Bcl2
(Mm00477631_ml), Tnfa  (Mm00443258_ml), Ifng
(Mm01168134_ml1), 1110 (Mm00439614_ml), and IlI7

(Mm00439618_m1) were used to assess the effect of Keapl-
gene-KO in CFX96 qRT-PCR (Bio-Rad, Hercules, CA). The
expression of each gene was normalized to Rpll3a expres-
sion, and relative fold expressions were calculated using a AA
cycle threshold method (Livak and Schmittgen, 2001).

Immunoblotting

Cell lysis was performed using RIPA buffer (Sigma-
Aldrich, St. Louis, MO; R0278) together with protease cock-
tail inhibitor (Sigma-Aldrich; P8340). Cell lysates were loaded
on protein gel for separation and blotted on a polyvinylidene
difluoride membrane. The membrane was incubated with an-
tibodies specific for KEAP1 (E-20; Santa Cruz Biotechnology,
Dallas, TX; sc-15246), NQO1 (ProteinTech, Roselmont, IL;
11451-1-AP), or f-actin (Santa Cruz Biotechnology; sc-58673).

For NQOI1, membrane was probed with NQOI first, and
membrane stripped and probed with fS-actin in the second
step. For detection, HyGlo ECL kit (Denville Scientific, Inc.,
South Plainfield, NJ; E2400) and Bio-Rad Gel Doc system
were applied.

In vitro hypoxia experiments

Cells were exposed to either hypoxic (1% O,) or normoxic
(19% 0O,) conditions 48h after gene editing in complete
DMEM for 72 h. For hypoxic conditions, culture plates were
placed in a modular incubator chamber. After flushing the
chamber with a 1% O,/5% CO,/94% N, gas mixture for
2 min, it was sealed. Normoxic conditions included incuba-
tion of cells at 37°C in a humidified atmosphere containing
19% 0,/5% CO,/70% N, (Wenger et al., 2015). After 72h,
cells were harvested, and the supernatant was assessed for
cytokine production. Cells were lysed in RNA lysis buffer,
and gene expression measured by qRT-PCR as described
above.

CBA mouse Th1/Th2/Th17 cytokine assay

Cytokines (IL2, IL4, IL6, TNFo, IFNy, IL17, IL10) were
measured in culture supernatants using CBA kit (BD Bios-
ciences; 560485) (Morgan et al., 2004).

In brief, 50 uL of capture beads were mixed with 50 uL of
samples, followed by adding 50 uL. Th1/Th2/Th17 Phy-
coerythrin detection reagent. The mixture was incubated at
room temperature while protected from light for 2 h. Samples
were washed and acquired using LSRII flow cytometer (BD
Biosciences). Data were analyzed using FCAP Array soft-
ware (BD Biosciences; 641488 [PC]). Protein levels below
detection level were considered 0 pg/mg protein.

Adoptive transfer of Keap1-KO CD4+ T cells

Keapl-KO CD4+ T cells were harvested ~96h after
electroporation and intravenously transferred (10 x 10° cells
per animal) into 9- to 11-week-old male nu/nu mice 24 h pre-
IRI. The control group received the same number of CD4+ T
cells, which were electroporated without RNP complex. A
third group received only PBS serving as a negative control
for adoptive transfer confirmation. Mice were subjected to an
established bilateral IRI model to induce AKI (Fig. SA).
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Kidney IRI

An established experimental IRI model in mice was used
after anesthetizing mice by intraperitoneal sodium pento-
barbital injection (75 mg/kg body weight) (Rabb et al., 1996).

The renal pedicels were approached by a medial abdomi-
nal incision. After dissection, a microvascular clamp (Roboz
Surgical Instrument, Gaithersburg, MD) was placed on each
pedicle for 30 min. Hydration of the animals was assured by
application of 1 mL warm saline, and body temperature was
kept at 37°C. Clamps were removed, and reperfusion was
assessed. After suturing of the abdominal incision, animals
were kept on surgery table for 30 min during reperfusion.
Afterward, animals were provided food and water for ap-
propriate recovery.

Assessment of renal function

To assess the effect of Keapl-KO CD4+ T cell immuno-
therapy on kidney function after IRI, blood was collected at
baseline (0 h) and 24, 48, and 72 h after IRI surgery. Plasma
creatinine levels were analyzed with the Cobas Mira Plus
automated analyzer system (Roche, Basel, Switzerland) us-
ing creatinine measurement reagents (Pointe Scientific,
Canton, MI). This technique has been validated with inulin
clearances (O’Donnell et al., 2002).

Tissue histological analysis

Mice were sacrificed 24 or 72h after IRI surgery, and a
transverse piece from right kidneys was fixed in 10% phos-
phate buffered formalin and embedded with paraffin. He-
matoxylin and eosin staining was performed, and a renal
pathologist assessed the kidney injury under blinded condi-
tions. The percentage of necrotic tubules was assessed in
cortex and outer medulla.

Isolation of kidney mononuclear cells

Kidney mononuclear cells (KMNCs) were isolated using
an established protocol based on percoll density gradient
(Ascon et al., 2006).

Mice were anesthetized with ketamine hydrochloride
(130 mg/kg) and xylazine (7 mg/kg), and exsanguinated to
remove circulating immune cells. Kidneys were harvested,
decapsulated, cut into small pieces, and incubated in colla-
genase D solution (2 mg/mL; Sigma-Aldrich; 11088882001)
for 30 min at 37°C. The digested tissue was passed through a
70 um strainer (BD Biosciences), and KMNCs were isolated
using percoll density gradient (GE Healthcare, Chicago, IL;
17-0891-01). KMNCs were washed and resuspended in
RPMI media with 5% FBS.

Immunophenotyping of kidney CD4+ T cells or KMNCs

To assess the immunological effect of Keapl-KO during
in vitro experiments, CD4+ T cells were analyzed by flow
cytometry at 72 or ~96h of culture after gene editing. For
in vivo experiments, KMNCs were isolated from mouse
kidneys 24 or 72 h after IRI surgery.

Cells were stimulated with cell activation cocktail (BD
Biosciences; 423304) containing phorbol 12-myristate 13-
acetate, ionomycin, and brefeldin A for 4 h before incubation
with anti-CD16/CD32 Fc block (Clone: 2.4G2; BD Bios-
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ciences; 156604), and stained for the following surface
markers and intracellular cytokines:

CD45-BUV395 (Clone: 30-F11; BD Biosciences; 564279),
TCR-BV421 (Clone: H57-597; BioLegend, San Diego, CA;
109230), TCR-AF488 (Clone: H57-595; BioLegend; 109230),
CD4-PerCP-Cy5.5 (Clone: GK1.5; BioLegend; 100434),
CDB8a-BV605 (Clone: 53-6.7; BioLegend; 100744), PD1-APC
Fire 750 (Clone: 29F.1412; BioLegend; 135240), CTLA4-
BV421 (Clone: UC10-4B9; BioLegend; 106302), TIGIT-APC
(Clone: 1G9; BioLegend; 142105), CD25-BV605 (Clone:
PC61; BioLegend; 102036), CD25-APCCy7 (Clone: PC61;
BioLegend; 102026), FoxP3-Alexa 488 (Clone: 150D; Bio-
Legend; 320012), CD69-APC-Cy7 (Clone: H1.2F3; BiolLe-
gend; 104526), TNFo-PE (BD Biosciences; 561063), IFNy-
APC (Clone: XMG1.2; BioLegend; 505810), IFNy-BV605
(Clone XMG 1.2; BioLegend; 505839), IL10-APC (Clone:
JES5-16E3; BD Biosciences; 505010) and IL17-PE (Clone:
eBiol787; Invitrogen; 12-7177-81), IL2-PE (Clone: JES6-
5H4; BD Biosciences; 554428).

Cells were analyzed with LSRII flow cytometer (BD
Biosciences). Unstained and unstimulated samples as well as
fluorescence minus one controls were used for correct gating
analyses using FlowJo software (BD Biosciences). The gat-
ing strategy included identification of KMNCs based on
forward scatter and side scatter.

In the next step, all nonsingle cells were excluded followed
by the gating based on specific antibody staining. For cal-
culation of absolute numbers, the total numbers of KMNCs or
cultured T cells were counted manually using a hemocy-
tometer. The number of each population acquired by flow
cytometry was multiplied with the total number of KMNCs or
cultured T cells counted, followed by adjustment using the
total number of cells acquired using flow cytometry.

Multiplex cytokine assay

To examine cytokines and chemokines in culture super-
natants as well as lysates of recipient kidneys, protein levels
of IL2, IL6, IFNy, and IL10 were analyzed using Milliplex
Mouse Cytokine/Chemokine Magnetic Bead Panel-
Immunology Multiplex Assay (Millipore Sigma). In brief,
lysates were incubated at —80°C overnight, sonicated and
centrifuged at 4500 g for 5 min. The Bioplex 200 platform
(Bio-Rad) was used to determine the concentration of cyto-
kines in the extracted specimens.

Luminex bead-based immunoassays (Millipore, Billerica,
NY) were performed after Inmune Monitoring Core standard
operating procedures, and concentrations were determined
using five-parameter log curve fits (using Bioplex Manager
6.0) with vendor-provided standards and quality controls.
The concentration of cytokines and chemokines was nor-
malized using raw protein concentration (measured by Pierce
BCA Protein Assay Kit; ThermoFisher Scientific).

Data collection and statistical analysis

Electronic laboratory notebook was not used. Data were
expressed as mean=*standard error of mean. Comparison
between two groups was performed with paired, two-tailed
T-test, and multiple groups with one-way ANOVA using
Microsoft Excel 2016 or Graph Pad Prism 9 for Windows. p
Value <0.05 was considered statistically significant.
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Abbreviations Used

AKI = acute kidney injury

Bcl2 =B-cell lymphoma 2

Cas9 = CRISPR-associated protein 9

CBA = cytometric bead array

CDDO-Me = 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-
oic acid methyl ester
CRISPR = clustered regularly interspaced short

palindromic repeats

DMEM = Dulbecco’s modified Eagle’s medium
FBS = fetal bovine serum
Gclc = glutamate-cysteine ligase catalytic subunit
Gclm = glutamate-cysteine ligase modifier subunit
H&E = hematoxylin and eosin
HEPES = 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid
Hifla = hypoxia-inducible factor 1«
Hmox1 =heme oxygenase 1
IFNy = interferon gamma

CTLA4 = cytotoxic T-lymphocyte-associated protein 4

IL = interleukin
IRI =ischemia reperfusion injury
Keapl = kelch-like ECH-associated protein 1
KMNCs = kidney mononuclear cells
KO = knockout
NF-xB = nuclear factor kappa B
Ngol =NAD(P)H quinone dehydrogenase 1
Nrf2 = nuclear factor erythroid 2-related factor 2
PD1 = programmed cell death protein 1
PE = Phycoerythrin
qRT-PCR = quantitative real-time polymerase chain
reaction
RNP = ribonucleoprotein
sgRNA =single-guide RNA
Th=T helper
TIGIT = T-cell immunoreceptor with immunoglobulin
and ITIM domains
TNFo = tumor necrosis factor alpha
Treg =regulatory T cells
WT =wild type




