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Unwanted alloimmune responses are a central driver of solid
organ transplant rejection and currently managed with life-
long immunosuppression, which imposes substantial risks
and burdens on patients. Adoptive transfer of regulatory
T cells (Tregs) offers a strategy to restore immunological
balance and reduce long-term adverse effects of generalized
immunosuppression. However, although Tregs can potently
inhibit incipient immune activation, they struggle to sup-
press established memory effector T cells, necessitating the
continued use of immunosuppression. Calcineurin inhibitors
such as Tacrolimus effectively control both, newly activated
and pre-existing effector T cells, but unfortunately, they also
impair Treg function. Therefore, we hypothesized that gene-
editing of Tregs inducing tacrolimus resistance (FKBP125°)
would enable combined therapy that curbs effector T cell
responses without compromising Treg efficacy. Here, we
developed FKBP12X°-Tregs using a ribonucleoprotein-based
CRISPR-Cas9 approach and characterized them extensively

in vitro. FKBP12XC-Tregs retained phenotype, high viability,
and suppressive function comparable to unedited Treg™”,
and they remained functionally impervious to Tacrolimus,
while preserving sensitivity to alternative CNIs. We addition-
ally established a good-manufacturing practice process for
FKBP12X°-Tregs. Comprehensive in vitro phenotypic, func-
tional, and molecular characterization, together with the
established manufacturing, provide the rationale for a proof-
of-concept clinical trial assessing the feasibility and safety
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of co-administration of FKBP12X-Tregs with Tacrolimus in

living-donor kidney transplant recipients.

INTRODUCTION

Allo-transplantation provides a clear starting point for undesired
immune reactivity, leading to anti-allograft immune responses in
extreme cases causing graft rejection. Currently, transplant patients
are managed with a cocktail of immunosuppressants, including
calcineurin inhibitors (CNIs), such as tacrolimus (FK506) or cyclo-
sporine A (CsA), which are associated with significant adverse effects
for both patients and society at large.' > To overcome the challenges
of chronic immunosuppression, it is envisioned that standard drug
therapy could be supplanted or tapered with the help of adoptive
regulatory T cell (Treg) therapy. Stable Tregs are characterized
by constitutively high expression of the interleukin-2 (IL-2) receptor
a-chain cluster of differentiation (CD)25, driven by the lineage-
defining transcription factor Forkhead-Box-Protein P3,° along with
low expression of the IL-7 receptor a-chain (CD127).” Stable immu-
nomodulatory Tregs are also distinguished from activated conven-
tional T cells (Tcon) and unstable induced Treg by a demethylated
FOXP3 gene enhancer region known as the Treg-specific demethy-
lation region (TSDR).5*?

Clinical proof of concept for autologous Treg therapy in transplan-
tation has already been demonstrated. In a phase 1/2a study at our
institution, adoptive transfer of autologous Tregs enabled reduction
of triple-drug immunosuppression to low-dose tacrolimus mono-
therapy in the majority of living-donor kidney transplant recipi-
ents.">'* While this finding demonstrates Tregs’ therapeutic poten-
tial, it also highlights a key limitation. CNIs not only affect
preformed alloreactive effector T cells,”” but also impair the function
and proliferation of Tregs."’ Therefore, a central question is how to
integrate Treg therapy with necessary CNI treatment. We addressed
this by developing a tacrolimus-resistant Treg product (FKBP12°-
Treg)'”'® through clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas9-mediated knockout of FKBP1A (which en-
codes FK506-binding protein 12 [FKBP12], the intracellular adaptor
protein for tacrolimus). This next-generation cell therapy is designed
to maintain Treg activity even in the presence of tacrolimus, thereby
potentially allowing simultaneous pharmacologic immunosuppres-
sion and Treg-mediated regulation.

In this study, we characterized FKBP12X°-Tregs in comparison to
conventional unedited Tregs (hereafter Treg" ') produced under
identical conditions. Our assays demonstrated that FKBP12XC-Tregs
preserve a stable Treg phenotype and epigenetic identity, with
functional properties closely matching those of Treg"". In-depth
transcriptomic and proteomic profiling further revealed that
FKBP12X°-Tregs possess a favorable immunoregulatory profile,
especially under tacrolimus exposure, compared to Treg"". Addi-
tional safety evaluations, including clinical trial application compat-
ible off-target nomination and validation show no reproducible edits
or aberrant features in the FKBPlZKO-Tregs. Moreover, we were
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granted manufacturing authorization for a good manufacturing
practice (GMP) process to generate the FKBP12X°-Treg product
(termed “TregTacRes”) from the Landesamt fiir Gesundheit und So-
ziales Berlin (State Office for Health and Social Affairs Berlin,
LAGeSo) with a process achieving high cell viability and yield. Taken
together, these results support the translational advancement of
FKBP12X9-Tregs. Based on the findings presented here, a first-in-
human clinical trial is planned to evaluate the feasibility of adminis-
tering FKBP12X°-Tregs in combination with low-dose tacrolimus in
transplant recipients.

RESULTS

FKBP12KX° is feasible in Treg products

To avoid gene editing of contaminating, potentially allo-reactive
effector T cells, Treg isolation was optimized for high purity prior
to genetic modification by a combination of CD4 enrichment during
density gradient centrifugation succeeded by flow cytometry sorting
(Figures 1A, 1B, and S1A)."* Sorted Treg were subsequently stained
for FOXP3, the master transcription factor of Treg (Figure 1B). Sort-
ing reliably yielded cell fractions with a minimized contamination of
<2% of CD3" (Figure 1C), <0.05% CD3"CD8" cells (Figure 1D) and
achieved >90% purity of the CD25"FOXP3*/CD127 CD25" Tregs
within CD4" cells (Figures 1E and S1D) with research grade Treg
enrichment yielding approximately 3.75-7.5 x 107 CD4" T cells
per 50 mL blood (Figure 1F). Satisfying yields of Treg were reached
independently from donor age and comparable to other studies
(Figures S1B and S1C). Gene editing enhanced the cell proliferation
rate in the presence of IL-2, anti-CD3/CD28 microbeads and
rapamycin (Figure 1G), yielding a greater number of FKBP12X°-
Tregs compared to non-edited Treg (Figures 1G and S1E-S1H)
>400 x 10% cells, sufficient for clinical application if applying
3 x 10° cells/kg bodyweight and including material for controls'>"*
(Figures S1B and S1C). High-fidelity Cas9 editing achieved
approximately 60% and standard Cas9 enzyme 80% efficiency in
the final FKBP12X°-Treg product expanded for 21 days in compar-
ison to MOCK controls (Figure 1H) and TregWT (Figure S1F) with
negligible editing frequencies.'” Viable cell recovery and prolifera-
tion were enhanced in FKBP12X-Tregs compared to Treg"", while
mean fluorescence intensity (MFI) of CD25 and FOXP3 was shown
to be donor dependent (Figures S1G and S1H).

FKBP12X°-Treg quality is comparable with Treg"/"

The FKBP12X°-Treg, Treg"", and non-Treg CD4" T cells (negative
sort fraction), were subjected to detailed analysis following expansion
in identical conditions. The Treg markers; FOXP3 and CD25 were
highly expressed by Treg"", FKBP12°-Treg, MOCK and Tcon
(Figures 2A and 2B). However, the MFI of FOXP3 was higher in
Treg vs. Tcon and comparable between FKBP12X°-Treg and
Treg"'" (Figure 2C). Interestingly, CD25 MFI was lower among the
FKBP12X°-Treg compared to MOCK/Treg" "/Tcon (Figure 2D). Af-
ter phorbol 12 myristate 13 acetate (PMA)/ionomycin stimulation, the
effector cytokines IL-2 (Figures 2E and 2F), and tumor necrosis factor
o (TNF-a) (Figure 2G) were produced at very low levels, medians
of 1% and 2%, respectively, among Treg"" and FKBP12X°-Treg
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(A) A description of the Treg product production process. NIH Bioart source was used. (B) Representative dot plots show the gating strategy and phenotype of PBMCs before
and after Treg sorting. For the following subfigures, each symbol represents data from an individual donor. Pre-sort (yellow) post-sort (light red). Conventional T cells (Tcon)
(gray), Treg"™ (blue), FKBP12%C-Treg (red), and MOCK (turquoise) unless stated otherwise. Paired t test and RM one-way ANOVA were used, n = 5. (C) Percentage of CD3"
T cell subset before and after sorting. (D) Percentage of CD8" T cells before and after sorting. (E) Percentage of CD4*CD25*FOXP3* T cells before and after sorting. (F) The
total number of cells obtained from 50 mL of blood is shown after 21 days of expansion. (G) Fold expansion from day 0-21. Boxplots with whiskers indicate extreme values,
n = 5. (H) Analysis of the KO efficiency of Treg after a 3-weeks expansion period, performed using Sanger sequencing of FKBP12 PCR products. Sequencing data were
analyzed using the Inference of CRISPR edits (ICE) tool (Synthego). Electroporation with Cas9 without sgRNA/MOCK electroporated (turquoise), with classical Staphylo-
coccus pyogenes Cas9 (red) and with a high-fidelity Staphylococcus pyogenes Cas9 (light red).

compared with 15% and 40% among the CD4" Tcon expanded in par-
allel. The median frequencies of producers of interferon (IFN)-y were
determined to be 10% for Tcon; while 3% vs. 2% for FKBP12K0—Treg
and Treg"'”, respectively (Figures 2E-2H). Gene expression levels of
IFNy determined by cellular indexing of transcriptomes and epitope
sequencing (CITE-seq) were shown to be elevated in FKBP125°-
Treg in comparison to Treg" ", whereas no skewing toward increased
TBX21 or NFKB1/2 could be shown under tacrolimus (Figure S2G).
Clonality determined by T cell receptor p (TCR-P) sequencing was

found to be similar for FKBPIZKO-Treg and TregwT (Figure 2I).
Although frequencies of CD137 expressing cells were similar among
FKBP12X°-Treg and Treg"", they were less frequent among Tcon
(Figures S2A and S2B). Frequencies of cells expressing CD40L
(CD154) were higher among Tcon than both Treg populations
(Figures S2A and S2C). The TSDR methylation of the Tcon was found
to be 85%, while it was and <20% among the FKBP12X°-Treg, MOCK,
and Treg"' " (Figure 2J). Treg suppressed responder T cell prolifera-
tion (Tresp) in a dose-dependent manner (Figures 2K and 2L). Due
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to the influence of immunosuppressants on Tresp proliferation, we
tested FKBP12X-Treg suppression on FKBP12X°-Tresp and could
show significantly increased suppressive capacity under Tacrolimus
treatment in comparison to TregwT (Figures 20 and 2P). Suppressive
capacity on FKBP12X°-Tresp by FKBP12X°-Treg was increased un-
der everolimus treatment but not under prednisolone treatment
(Figures $2D and S2E). FKBP12XC-Treg suppressive capacity under
CsA treatment was not depicted since CsA largely inhibited
FKBP12XC-Teff expansion in general, whereas the inhibition was
less prominent and allowed analysis for the other immunosuppres-
sants (Figure S2F).

FKBP12X°-Treg and Treg"'" have similar epigenetic profiles
FKBP12XC-Treg, Treg"", and Tcon were subjected to an EPIC
(850k array) and revealed distinct Treg and Tcon clusters in PC1
(Figure 2M). Furthermore, there was no significantly differentially
methylated position when comparing FKBP12X°-Treg with Treg"'"
and differentially methylated positions were not of known relevance
on Treg biology e.g., olfactory transduction (Figures 2N and S1K).

FKBP12X°-Treg exhibit enhanced characteristics when exposed
to tacrolimus

FKBP12X° conferred proliferative advantage over Treg"' when
exposed to tacrolimus, which was not observed under CsA and under
standard triple immunosuppression treatment using a cocktail of
tacrolimus, prednisolone, and mycophenolic acid (Figures 3A, 3B,
S11, and S1J). However, TregwT proliferation was inhibited by all
immunosuppressants including tacrolimus (Figures 3A, 3B, S1I,
and S1J). Furthermore, the expression of cytotoxic T-lymphocyte-
associated protein (CTLA)-4 was increased in FKBPlZKO-Treg vs.
Treg" " under CsA and tacrolimus (Figures 3C and 3E). Tacroli-
mus-treated FKBP12X°-Treg exhibited higher programmed death
(PD-)1 MFI in comparison to T1regwT (Figures 3Cand 3D). Addition-
ally, Treg"'"’s CTLA-4 MFI was diminished relative to X-VIVO me-
dium controls in presence of both CNIs but not in FKBP12X°-Treg
treated with tacrolimus (Figure 3E). Moreover, knocking out
FKBP12 resulted in downregulation of the FKBP1A gene, underlin-
ing knockout efficiency and further affected regulation of a number
of other proteins (Figures 3F-3M); (1) increased metabolic
arginase-2 (FOXP3 stability), (2) decreased NIT2 levels (histidine
metabolism) in comparison to Treg" ", (3) significantly, upregulated
Guanylate binding protein-2 (Treg-suppressive capacity), and (4)

downregulated zyxin (stress fiber protein) when exposed to tacroli-
mus.”’ Pathway analysis identified differentially regulated proteins
in FKBP12X°—Treg and Treg"" highlighting increased IL-2 and
IL-10 signaling as well as regulation of TNEFR signals. Furthermore,
IFN-y signaling was decreased in FKBP12XC-Treg compared to
Treg"" (Figure 3N). Detailed protein characterization regarding pro-
liferation related and metabolic signatures revealed no discernable
differences between FKBP12X°-Treg and Treg" " under the immu-
nosuppressive regiments tested; no signs of increased exhaustion,
cellular stress, or dysfunction could be shown on protein level
(Figure S5A). When investigating regulatory/metabolic protein sig-
natures, it was apparent that FKBP12X°-Treg under Tacrolimus
tended to upregulate lactate dehydrogenase A (LDHA) and
Phosphoglycerate Mutase (PGM)1 (Figures S5A-S5C).”'** Further-
more, FKBP12X°-Treg in comparison to Treg" " under tacrolimus
tended to increase Glucose-6-phosphate isomerase (G6PI) and Coro-
nin (COR)1A and decrease Ubiquinol-Cytochrome C Reductase
Core Protein (QCR)2/6 and Peptidylprolyl isomerase A (PPIA), how-
ever none of the changes were statistically significant (Figure S5C).

FKBP12K°-Treg can be produced under pre-GMP conditions

We adapted the production process for FKBP12X°-Treg to pre-GMP
conditions using CliniMACS Plus to isolate CD4" cells from whole
blood (Figure 4A), which resulted in a product with <0.002%
CD8" cell contamination Figures 4B and 4C). Afterward, it was
possible to isolate CD25"FOXP3" cells with >85% purity among
CD4" cells (Figures 4D and 4E). Following expansion, pre-GMP
FKBP12X°-Treg and Treg""' had comparable FOXP3 MFI, but
FKBPIZKO—Treg showed significantly lower CD25 MFI than Tcon
(Figures 4F and 4G) with negligible changes in effector cytokine
expression between FKBP12X°-Treg and Treg"'" (Figures 4H-4K).
TSDR methylation levels were lower in both Treg products
compared to Tcon (Figure 4L).

Pre-GMP FKBP12X°-Treg mirror enhanced characteristics of
research grade FKBP12K°-Treg

To test the FKBP12X°-Treg expansion in comparison to Treg" ', we
expanded both in X-VIVO culture media containing CNIs + IL-2 for
10 days. FKBP12X°-Treg proliferation was superior in comparison
to Treg™ " in the presence of tacrolimus, but both showed sensitivity
to CsA (Figure 5A). Both products maintained FOXP3 expression in
contrast to Tcon (Figure 5B). Significantly, the CD25 MFI variance

Figure 2. FKBP12X°-Treg phenotype and function is comparable to Treg""

Each symbol represents data from an individual donor. Conventional T cells (Tcon) (gray), Treg™" (blue), and FKBP12©-Treg (red). Paired t test and RM one-way ANOVA
were used n = 5. (A) Representative dot plot showing the gating strategy for living T cells, CD4*, CD8", and CD25"FOXP3. (B) The percentage of CD4*CD25"FOXP3* T cells
onday 21. (C) MFl of FOXP3 at day 21. (D) MFI of CD25 at day 21. (E) Representative dot plots for the producers of IL-2 and IFN-y, unstimulated (gray) and stimulated (pink). (F)
Summary of the percentage of IL-2 producers (G) TNF-a producers (H) IFN-y producers after stimulation. (I) Comparison of FKBP1 2KO_Treg clonality with Treg"’" using TCRb
sequencing. (J) TSDR demethylation at the promoter of FOXP3 of DNA collected on day 21: Female donors highlighted in light red, due to availability of two X chromosomes.
(K) The percentage of Treg suppressive capacity on CFSE labeled autologous fresh CD3* T cells stimulated with CD3/CD28 beads. (L) Representative dot plots and gating of
proliferated responder T cells (Teff) co-cultured with Treg at different Teff:Treg ratios and stimulated 1:1 with anti-CD3/CD28-coated microbeads. (M) Principal-componant
analysis (PCA) of data determined in EPIC arrays showing clustering for Tcon (gray) vs. all Treg populations, but no clustering for Treg™'" (blue), MOCK (turquoise), and
FKBP12%C-Treg (red). (N) Volcano plot displaying differentially methylated positions (DMPs) within Treg"V'T vs. FKBP12%C-treg. There were no significant DMPs at a sig-
nificance level of FDR = 0.01 (red line). (O) Frequency of suppression of FKBP12%C-Teff in medium control, FKBP1 2KO—Treg (red), TregW'r (blue), n = 3 for different ratios
Teff:Treg ratios. (P) Showing percentage of suppression under tacrolimus (Tac) with same color coding, n = 3.
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between FKBP125°-Treg and Treg" " was not observed after 10 days
exposure to tacrolimus (Figure 5C). DigiWest-based proteome anal-
ysis confirmed upregulation of the proteins identified in mass spec-
trometry analysis in FKBP12XC-Treg vs. Treg™ " (Figures 5D, 5I, 5K,
and 5M).” Reactome pathway analysis showed enrichment of ribo-
somal processes correlating with single upregulated proteins in
FKBP12X-Treg vs. Treg" " (Figure 3N). Furthermore, FKBP12X°-
Treg showed upregulation of IL-2, tumor necrosis factor receptor
(TNFR-)1, and IL-10 family signaling as well as increased downregu-
lation of pro-inflammatory cytokines, especially IFN-y, IL-12/IL-13/
IL-4, and IFN-o/f family signaling under tacrolimus treatment
(Figure 3N). Interestingly, CD4 was upregulated and CD8a was
downregulated in tacrolimus-treated FKBP12XC-Treg vs. Treg""
(Figure 5D). To get insights on CD8/CD4 changes in FKBP12XC-
Teff, a dataset of cytomegalovirus (CMV)-antigen specific T cells
was incorporated from a distinct proteomics run showing that
CD4 and CD8 were not differentially regulated in FKBP12X°-Teff
counterparts (Figure S5D). CTLA4 gene expression in FKBP12X°-
Treg increased under tacrolimus (Figures S4C and S4E). Moreover,
we observed increased CD25 (IL2Ra) and phospho-extracellular
signal-regulated kinase (ERK) (Erk1/2/Thr202/Tyr204) expression
in tacrolimus-treated FKBPIZKO-Treg vs. TregWT (Figure 5D).
These findings align with increased levels of activation markers,
e.g., Glucocorticoid-induced TNFR-related protein (GITR) and
lymphocyte-activation gene (LAG-)3.”>*” Signal Transducers and
Activators of Transcription (STAT-)5 (Figure 5D) and pSTAT5
(Figure S4B) protein were not differentially regulated in
FKBPIZKO—Treg vs. TregWT upon exposure to tacrolimus.

Cellular indexing of transcriptomes and epitope sequencing
confirms pre-GMP FKBP12X°-Treg’s functionality

Using Cellular Indexing of transcriptomes and epitope sequencing
(CITE-seq) data, 14 cell clusters were annotated, which were shared
between FKBP12X°-Treg and Treg"" but distinct from the Tcon
following (re)stimulation (Figures 6A-6C and S3A)."® The cluster
composition of both FKBP12X°-Treg and Treg"" changed in the
presence of CNIs mainly regarding cluster 11 and 14 (Figure S3A).
However, FKBP12X°-Treg was not affected by the CNI tacrolimus
(Figure 6C).

We compared FKBP125? and Treg"" with respect to expression of
key genes (Figure 6D). Compared with Treg" T, FKBP12X° showed
an increase in T helper 2 (TH2) signature e.g., IL-5 upregulation in

control medium and tacrolimus conditions, while under CsA treat-
ment TH2 signature was reduced (Figures 6D and 6E). Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology
(GO)-term highlighted TH2 signaling, regulation of IL-10 and B
cell activation pathways (p > 0.005, Table S4). Furthermore, LAG3,
STATS, IL10, and Tumor Necrosis Factor Receptor Superfamily
(TNFRSF)-1B gene and protein expression levels were upregulated
in FKBP12XC-Treg vs. Treg" " especially when exposed to tacroli-
mus (Figures 5D, 6E, 6F, and 61). IL2RA gene expression was slightly
reduced in PMA-ionomycin stimulated FKBP12%°-Treg compared
to Treg" '. To get insights on IL2RA changes in FKBP12XO-Teff, a
dataset of CMV peptide-loaded lymphoblastic cell line stimulated
CMV -antigen specific T cells was incorporated from a distinct single
cell run and IL2RA changes were shown to be even more pronounced
in antigen-specifically stimulated FKBP12XC-Teff vs. Teff" ", under
medium conditions, which was reversed under tacrolimus (Figures
S2G and S2H). Unfortunately, a head-to-head comparison of
FKBP12X-Treg and -Teff datasets was not possible due to differ-
ences in data scaling and experimental conditions. In general,
relevant immune check-point markers, e.g, TNFRSFIB and
PDCDI1 (PD-1), were increased in tacrolimus treated FKBP12XC-
Treg. In addition, tacrolimus treated FKBP12XC-Treg showed
higher PDCD1 levels and higher TIGIT levels on gene level but
not on surface level shown by T cell immunoreceptor with
immunoglobulin and immunoreceptor tyrosine-based inhibitory
motif domains (TIGIT) MFI compared to TregWT under tacrolimus
and everolimus (Figures 6D and S4A). CTLA4 and CD73 gene and
surface protein expression levels were upregulated and preserved un-
der tacrolimus (Figures S4C-S4E). To examine potential exhaustive
features of FKBP12X-Treg in comparison to Treg"" that could
potentially be induced by high proliferation rates, we showed that
negatively described markers for Treg longevity, such as Killer Cell
Lectin-Like Receptor Subfamily G Member (KLRG)-1, Thymocyte
Selection-Associated High Mobility Group Box (TOX), and B cell
lymphoma (BCL)-2 were reduced in both FKBP12X°-Treg and Treg-
WT on gene level (Figures 6G and 6H). FKBP12X°-Treg showed a sta-
ble gene expression of IL2ZRA and FOXP3 as well as balanced prolif-
eration marker gene expression e.g., for STAT5A/B, MYC, Solute
carrier family (SLC)-2A, Heterogeneous nuclear ribonucleoprotein
K-like protein (HEK) 2, and cyclin-D (CCND)-2 under tacrolimus
treatment (Figure 6G). Interestingly, IL-2 dependency of
FKBP12X°-Treg was shown to be more focused on IL2RA/B but
not IL2RG with increased levels of Janus kinase (JAK)3 and

immunosuppression. (D) Flow cytometry analysis showing the fold change of MFI of PD-1 in Treg™'™ and FKBP12"C-Treg and (E) CTLA-4 after exposure to the indicated
immunosuppression, data normalization using Remove baseline and column math’ function of GraphPad Prism. (F) Schematic overview of proteomics approach. NIH Bioart
source was used. (G) PCA of Treg"/" and FKBP12"© samples under medium control conditions or following treatment with CsA or Tac. (H-J) Differential expression analysis
comparing FKBP12K°—Treg versus TregWT under medium control conditions and following Tac or CsA treatment. Volcano plots display -log10 adjusted p values (y axis)
versus log2 fold change (Log2FC, x axis). Proteins with Log2FC > 0.5 are highlighted in blue; proteins with Log2FC > 0.5 and adjusted p value <0.05 are highlighted in yellow.
(K-M) Heatmaps displaying intensity levels of the top 10 proteins with highest positive Log2FC and top 10 proteins with highest negative Log2FC comparing FKBP1 ZKO—Treg
versus Treg"’" under medium control conditions and following Tac or CsA treatment. (N) Left: Gene Ontology (GO) pathway enrichment analysis showing the top 10 enriched
pathways comparing FKBP1 ZKO-Treg versus TregwT following tacrolimus treatment. The -log10 adjusted p value is displayed, with the number of enriched proteins in each
pathway indicated by color coding. Right: single-sample Gene Set Enrichment Analysis (ssGSEA) of FKBP1 2KO—Treg and TregW'r following Tac treatment using the Reactome
database. Mean enrichment score of selected pathways is shown.
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Phosphatase and Tensin homolog (PTEN) gene expression and less
reliance on Phosphoinositide 3-kinase (PI3K) dependent gene
expression under tacrolimus treatment (Figure S4F). In addition,
inducible T-cell co-Stimulator (ICOS) gene expression and related
genes were increased in FKBP12X-Treg under tacrolimus treat-
ment, while in FKBP12XC_Teff this increase was less prominent
(Figure S4G, S4H, and $4]).

GMP process validation

Based on the research grade and pre-GMP data, we decided to
develop GMP manufacturing using semi-closed bioreactors for
expansion and the newly established isolation combining
CliniMACS with Tyto sorting and gene-editing processes described
previously. Indeed, we succeeded in producing stable “TregTacRes”
products with >94% viable cells, being >95% CD4"CD25"FoxP3™,
with contaminations of less than 0.3% CD8" T cells, <6% IL-2, and
IEN-y producers, including >79% of FKBP12X°-Treg (Table 1).
After isolation, we yielded a mean of 0.65 x 10° Treg, ending after
d18-23 with a 21.305-fold expansion rate. Validation of the in house
digital droplet polymerase chain reaction (ddPCR) established to
determine KO-efficacy in FKBP12X°-Treg was implemented as qual-
ified method for GMP manufacturing showing validated protocol re-
sults in comparison to non-validated results and Sanger sequencing
(Figures 7A and 7B, and Tables 1 and S6). Based on these and other
data, e.g., sterility testing according to the European Pharmacopoeia,
the local authority granted us manufacturing authorization for the
“TregTacRes” manufacturing process (Figure 7C) on May 16", 2024.

Off-target nomination

We performed chromosomal aberrations analysis by single targeted
ligation- mediated PCR-Sequencing (CAST-Seq), Abnoba-seq,
CRISPR Off-target Sites with Mismatches, Insertions, and
Deletions (COSMID) off-target search, in silico population-based
nominations using a tool developed by Integrated DNA Technolo-
gies (IDT) and Unbiased Nomination of CRISPR Off-target
Varjants using Enhanced RNAse-H dependent PCR Sequencing
(UNCOVERseq) to nominate potential off-targets hit by the sgRNA
(Table S5 and Figure 4M). Nomination of off-targets using
UNCOVERseq in a promiscuous nomination system (HEK293-
Cas9) discovered 1 on-target and 2,568 off-targets significantly en-
riched (p.gj < 0.05) in comparison to unedited samples. Of these
off-targets, 182 met tier 1 to tier 3 criteria for prioritization, and
133 of these were reproduced between 2 or more biological replicates
(Table S5). Reproducibly nominated off-targets across donors
occurred in the following genomic regions: 9.7% exonic (13/133),

45.8% intronic (61/133) and the remaining sites in intergenic or
atypical genomic context (Table S5). Sites were prioritized from
each method based on annotation risk, reproducibility (intra- and
inter-method), frequency of nomination, and similarity to the
gRNA (Levenshtein distance). This led to prioritization of 195 UN-
COVERseq sites, 10 CAST-seq sites, 70 COSMID and 25 Abnoba
nominated sites (both combined in Figure 4M), and 120 in silico
nominated sites (from both reference and population genomes)
and in silico nomination identified an additional 103 unique sites
(Figure 4M). After deduplication of sites nominated by multiple
methods, this led to a total of 255 putative off-target sites being
prioritized for off-target confirmation (Table S5).

Off-target confirmation

Interrogation of the 255 prioritized off-targets was performed using
deep-sequencing via an amplicon sequencing approach. Three do-
nors (donor 1, donor 3, and donor 4) were transfected in biological
singleton and compared as replicates to confirm significant donor
independent editing. Following sequencing, a median read depth
of 201,000%x-445,000% per off-target was achieved (Figure S6A).
85.5% of off-targets were quantified as having greater than
10,000 coverage, and 95.3% having greater than 100x coverage
(Figure 40). Upon quantification of control samples, a variable
background indel rate was observed with a median of 0.12% and
an interquartile range of 0.07%-0.29% indels (Figure S6B). We
compared this to previously published frequencies from 263 unique
gRNAs and found it was elevated in comparison to what has been
previously reported in control samples. We hypothesize this may
be due to homopolymer repeats in the on/off-target sequences of
the FKBP12 gRNA, which is a known motif for heightened error
rates from Illumina sequencing.*®

Interrogation of on-target editing confirmed high frequencies of on-
target editing ranging from 97%-99% (Figure 4N). Off-target editing
analysis identified four sites that were found to have significant editing
(Figures 4N and 4P). One site was identified in two overlapping anno-
tations of the 5 flanking region of the GGA3 gene and a non-coding
region (intron 1 of 4) of the Mitochondrial Ribosomal Protein S
(MRPS)-7 gene with a significant indel frequency ranging from
0.36%-0.43% (Figure 4P). Two edited sites were in intronic regions
of the Nucleoporin 62 C-Terminal Like (NUP62CL) and Nance-
Horan syndrome (NHS) genes with significant indel frequencies
ranging from 0.33%-0.54% and 0.02%-0.03%, respectively
(Figure 4P). The final significant off-target was identified in non-cod-
ing 5 flanking region of the ATPase phospholipid transporting

(F) MFI of CD25 on day 21. (G) MFI of FOXP3 on day 21. (H) (-K) Representative dot plots of producers of IL-2 and IFN-y following 6 h stimulation by PMA/ionomycin and
intracellular capture of cytokines by addition of brefeldin A after 45 min. Unstimulated (gray), stimulated (pink) with () corresponding summary of the percentage of IL-2
producers (J)Summary of the percentage of TNF-a, and (K) IFN-y producers. (L) Methylation of the TSDR at the promoter of FOXP3 of DNA collected on day 21. Female
donors are highlighted in light red. Off-target safety assessment (M—P) with (M) showing off-target nomination from multiple different empirical and in silico methods and the
# of prioritized sites per method. (N) Editing quantification is shown for assays with >1,000x coverage. Each dot represents the average raw frequency of indels of the control
(x axis) and treatment (y axis) plotted. Red dots indicate sites with statistically significant differences (p adj<0.05), gray indicates not significant sites, and a red star indicates
the on-target site. (O) Prioritized off-targets were sequenced and the # of targets meeting variable coverage thresholds quantified. (P) Significant events have individual donor
frequencies shown for enriched indel events and genomic annotations in addition to ACMG classification of -1 bp deletion 5" the annotated cut site.
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Figure 5. Characterization of Treg response to immunosuppression: impact of “pre-GMP” FKBP12X°-Treg
Each symbol represents data from an individual donor. Treg products were exposed to 6 ng/mL tacrolimus or 120 ng/mL CsA for 10 days, immunosuppressants were added

and re-stimulation was performed every ond day. Conventional T cells (Tcon, gray), Treg‘m

(blue), and FKBP12KO—Treg (red). Paired t test and RM one-way ANOVA were

used, n = 5. (A) Expansion of Treg products in presence of immunosuppressants, data normalization was performed using remove baseline and column math’ function of
GraphPad Prism. (B) MFI of FOXP3 of living T cells and (C) MFI of CD25 is shown for all conditions. (D) The heatmap depicts the differentially expressed proteins of expanded

Tcon, Treg™"

(ATP)11A gene with significant indel frequencies ranging from
0.05%-0.06% (Figure 4P). Variant annotation of a 1 bp deletion at
the cut site results in variants of unknown significance (VUS) via
American College of Medical Genetics and Genomics (ACMG) classi-
fication criteria for all identified off-targets (Figure 4P).

DISCUSSION

Drugs like tacrolimus revolutionized allogeneic transplantation of
organs regulating immune responses artificially.”” In contrast, Treg
are “living drugs” that enable endogenous, regenerative immuno-
suppression without toxicities.”> A major limitation of adoptive
Treg therapy in transplantation is its incompatibility with CNI-based
immunosuppression, while tacrolimus is needed to effectively sup-
press Teff. Using CRISPR-Cas9-mediated disruption of FKBP1A,
we generated tacrolimus-resistant FKBP12X°-Tregs and subjected
them to extensive phenotypic, functional, molecular, and safety
characterization. Across research-grade, pre-GMP, and GMP condi-
tions, FKBP12X°-Tregs consistently retained defining features of
stable human Tregs, including high FOXP3 expression and a deme-
thylated TSDR, comparable to unedited TregWT and clearly distinct

from activated conventional T cells. Importantly, FKBP1A deletion

10 Molecular Therapy: Advances Vol. 34 June 2026

, and FKBP12"°-Treg exposed to Tacrolimus or CsA medium control and measured by DigiWest technology.

did not induce aberrant activation, loss of regulatory identity, or
clonal skewing, indicating that resistance to tacrolimus can be
achieved without destabilizing the Treg lineage. Off-target analysis
revealed 4 significant off-targets; however those were shown to be
of no biological relevance to Tregs. We suggest FKBP12X-Tregs
will significantly enhance in vivo functionality, efficacy, and
longevity in patients prescribed with tacrolimus.

Manufacturing and performance

From a translational perspective, it was critical to demonstrate
that these biological properties could be maintained under clini-
cally relevant manufacturing conditions. We were able to generate
a pure FKBP12X°-Treg product from 50 mL of whole blood with
sufficient cell numbers for clinical trials applying e.g., up to
3 x 10° Treg/kg.'**"** In context to published literature, achieved
cell yields comparable to the ones successfully used in kidney trans-
plant patients, across different age groups and under immunosup-
pression.” > It is to be highlighted, that the publications cited used
various approaches of either leukapheresis or at least 10 times more
blood volume to generate sufficient numbers of TregTacRes for
clinical application. Up to now, manufacturing Treg from 40 to
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50 mL of whole blood reaching sufficient numbers was only
managed at our center and within collaborative efforts under the
umbrella of the ONE Study.''**° Functionally, manufactured
FKBP12X°-Tregs displayed the key intended phenotype: preserved
proliferation, signaling, and regulatory marker expression in the
presence of tacrolimus, in contrast to TregWT. At the same time,
FKBPIZKO-Tregs remained sensitive to CsA, providing an impor-
tant clinical safeguard should immunosuppression need to be
adjusted.”>” The observed proliferative advantage of FKBP12X°-
Tregs under IL-2 and rapamycin exposure is consistent with the
known dependence of rapamycin-mediated growth inhibition via
FKBP12"* *! and did not translate into loss of regulatory phenotype
or function. Excluding any potential gene-edited Tcon impurities
with proliferative advantage,“’44
protein levels in FKBP12X°-Treg vs. Treg" ". Consistent with pub-
lished data on general FOXP3 upregulation in Treg as well as acti-
vated CD4" T cells, we show that FOXP3 was upregulated in acti-
vated Tcon, however the MFI was diminished in comparison to
Treg.'”*>*® The TSDR methylation levels were similar in Treg""
and FKBP12X°-Treg and no significantly different demethylated
positions were shown, while Tcon showed increased methylation,
thus confirming Treg identity and stability according to published
scientific guidelines.”*® Tacrolimus-treated FKBP12X°-Treg and
untreated Treg"" cluster distributions indentified in CITEseq
experiments were similar, confirming FKBP12X° did not alter the
Treg product composition.'® Furthermore, common phenotypic
markers were similarly expressed by FKBP12XC-Treg and
Treg"". Tacrolimus is known to stabilize CD25 and induce loss

we observed reduced CD8a

of FOXP3 upon adoptive Treg transfer in vivo."” Our in vitro
data shows stable CD25 protein expression in presence of tacroli-
mus in both FKBP12X°-Treg and Treg"”, as well as stable
FOXP3 expression and demethylation. Although FKBP12X°-Tregs
exhibited modestly reduced CD25 expression under tacrolimus-
free conditions, this did not result in impaired IL-2 signaling, as
STATS phosphorylation remained intact. Proliferative advantage
in tacrolimus-treated FKBP12X°-Treg was shown by enriched
gene sets e.g., Myc, SLC2A1 (GLUT1), and STATA/B. The reduced
suppressive activity observed in classical in vitro suppression assays
under these conditions is therefore most plausibly explained by
altered IL-2 competition rather than a loss of intrinsic regulatory
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capacity.”* ™ Interpretation of suppression assays under tacroli-
mus exposure is inherently limited by the dominant antiprolifera-
tive effects of the drug on Tresp, and thus FKBP12X°-Teff suppres-
sion was shown instead. Importantly, FKBP12X°-Treg showed
increased suppressive capacity under tacrolimus and everolimus
treatment proving the concept of superiority upon exposure to im-
munosuppressants binding to FKBP12, which was the underlying
hypothesis of this study. The increased suppressive capacity of
FKBP12X°-Treg under everolimus treatment lies in the preserved
mTORCI signaling as everolimus is also depending on FKBP12
as adaptor protein. In reliance to that, proteomic analysis of
FKBP12X°-Treg showed increased LDHA and Phosphoglycerate
Mutase (PGAM)-1, two proteins necessary for IL-2 dependent
PI3K/mTORCI signaling and support of FOXP3 expression as
well as Treg homeostasis.”' ** Prednisolone impact was preserved
in FKBP125° Treg, due to the loss of FKBP12 binding to the ste-
roid-glucocorticoid receptor complex.”®> Of note, Treg suppress
by a myriad of additional mechanisms,’* but there is currently no
standardized assay to evaluate all modes of action. Consistent
with preserved regulatory activity, FKBP12X°-Tregs showed
increased expression of several molecules associated with immune
regulation, including IL-10, CTLA4, and CD73, and ICOS
particularly in the presence of tacrolimus.”>**"*” Single-cell tran-
scriptomic and proteomic analyses further
that tacrolimus-treated FKBP12X°-Tregs closely resembled un-
treated Treg"" in their overall state composition, indicating
that resistance to tacrolimus does not fundamentally alter Treg
identity or heterogeneity.'® IL-2 protein signaling was increased
in FKBP12X°-Treg in part compensating for CD25 reduction in
presence of tacrolimus, hereby highlighting alternative signaling
pathways such as heterodimeric CD25-chemokine receptor
pathway.”® In addition, this is underlined by the increased gene
expression of IL2RA and IL2RB instead of IL2RG in FKBP12"®-
Treg only under tacrolimus.”” Low frequencies of IFN-
y-producing cells, absence of T-box expressed in T cells (T-bet)
and nuclear factor kappa-light-chain-enhancer of activated B cells
(NFKB1/2) induction, as well as stable FOXP3 expression
argue against acquisition of inflammatory or destabilized pheno-
types. Subtle shifts toward Guanine-Adenine-Thymine-Adenine
binding protein (GATA)-3-associated programs remained within

demonstrated

Figure 6. Tacrolimus resistance and CsA safety switch are visualized by CITE-seq of FKBP12K°-Treg, immune check-points, and proliferation markers are
regulated under tacrolimus

Where indicated, Treg products were exposed to 6 ng/mL tacrolimus or 120 ng/mL CsA. For all dot plots, the size of each dot represents the percentage of cells within the
condition expressing the target gene, while the color intensity (ranging from light gray to dark-colored) indicates the scaled average expression level. CITE-seq was performed
at day 21 and day 28, the latter after a 7-days exposure to tacrolimus or CsA or medium as a control from n = 2 donors. (A) UMAP clustering of all analyzed cells showing 14
different clusters. The assigned clusters are marked based on the color code indicated. (B) Cluster distribution is shown for an unstimulated state and after 6 h stimulation with
PMA/ionomycin on day 21. (C) Cluster distribution is shown after exposure to the indicated immunosuppressant for 7 additional days. (D) A comparison of gene expression
data between FKBP1 ZKO—Tregs to TregWT in unstimulated and stimulated conditions. Log?2 fold change (Log2FC) is displayed after 28 days of exposure to ctrl medium, Tac,
and CsA. (E) Volcano plot displaying differential gene expression within FKBP1 QKO—Treg and Treg""-r onday 21. (F) Dotplot displaying exhaustion markers in Treg comparing
FKBP12XC-Treg and Treg™" in stimulated and unstimulated state on day 28. (G) Volcano plots showing proliferation markers (red) in FKBP12KC-Treg vs. Treg™" under
medium and tacrolimus exposure, differential statistics were mapped from the global paired edgeR model. Vertical dashed blue lines denote a 2-fold expression shift, and the
horizontal dashed blue line signifies statistical significance (FDR <0.05). (H) Dotplot showing Treg phenotype markers on day 28 for FKBP1 2KO—Treg VS. TregWT in stimulated
and unstimulated condition. (I) Differential gene expression of /L-70 is plotted for unstimulated and stimulated FKBP12KO—treg in comparison to TregW'r and under sup-
plementation of ctrl medi-um, Tac and CsA for 7 additional days.
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Table 1. Assessment and validation of KO-efficacy in FKBP12X°-Treg

Validation cell products

Assessment Run 1 Run 2 Run 3
Viability (%) 95 94 95
CD4+CD25+FOXP3+ (%) 95 95 97
CD8+ (%) 0.2 0.1 0.2
IL-2+ producers (%) 1 1 0
IFN-y+ producers (%) 5 0 0
KO-efficiency (%) 79.3 99.9 98.2

Data from GMP compliant validation runs is shown containing parameters such as % of
viability, Treg, CD8 contamination, IL2/IFNy/TNFa producers and final KO-efficacy.

the expected spectrum of Treg states and do not indicate lineage de-
0 Although, only very minor proportions of IFN-y pro-
ducers were detected in flow cytometry, this protein needs to be
further investigated in FKBPIZKO-Treg. However IFN-y secreting
Treg are described to act superior compared to non-IFN-y
secreting Treg in e.g., the context of TH1 inflammation and IFN-
v is of functional importance in alloantigen-reactive Treg.’' Taken
together, the presented data support the superior functionality of
FKBP12X°-Treg by its preserved function upon co-administration
with tacrolimus as well as the robustness and reproducibility of the
validated manufacturing process.

viation.

Safety

Safety considerations are central for gene-edited cellular thera-
pies. To minimize risk, we employed a vector-free CRISPR-Cas9
ribonucleoprotein approach using a high-fidelity Cas9 enzyme,
thereby avoiding persistent nuclease expression and reducing
off-target potential. When comparing Treg phenotype character-
istics to published Treg marker assessment across clinical trials
in transplantation and GVHD as well as to Treg" " expanded in
parallel under the same conditions, no discernable phenotype lim-
itations of “TregTacRes” could be shown. Two research grade
studies on Treg editing for autoimmunity and immunopathol-
ogies were included depicting gene-editing rates in Treg that
could be correlated and matched to our own editing rates ranging
between 60% and 80%.

For the regulatory Chemistry, Manufacturing, and Controls (CMC)
package, we investigated off- and on-target gene editing frequencies,
clonal expansion as well as in depth product characteristics including
impurities and functional performance in suppression assays. Off-
target sites were nominated using a multitude of orthogonal in silico
and empirical approaches and deep sequenced. We observed a vari-
able background indel rate and compared this to previously pub-
lished frequencies from 263 unique gRNAs and found it was elevated
in comparison to what has been previously reported in control
samples. We hypothesize this may be due to homopolymer repeats
in the on/off-target sequences of the FKBP12 gRNA, which is a
known motif for heightened error rates from Illumina sequencing.”®

While four off-targets were identified with low frequencies of signif-
icantly enriched events (0.01%-0.5%), no off-targets were directly in
exonic coding regions with known direct impacts on Treg biology
e.g, Golgi-localized, -ear-containing, ARF-binding proteins
(GGA3) (vesicular trafficking), NUP62CL (nuclear pore related
gene), ATP1IAUN (pseudogene), or NHS (rare developmental dis-
ease gene), and indels at these off-target sites only led to variants
of unknown significance via ACMG classification standards.””®
This assessment is further supported by the finding that, to date,
our data show no evidence of clonal dominance, malignant trans-
formation, or loss of repertoire diversity in FKBP12XO-Tregs.
Further safety is granted by the process design yielding a pure
starting population after the isolation procedure to avoid any
possible editing of contaminating Teff. Even in case of FKBP12X°
in Teff, we showed that FKBP12X°-Treg can effectively control these
in suppression assays.

For safety of clinical products, we will monitor the quality
regarding FKBP12%“-editing frequencies by ddPCR, purity and
impurities regarding CD4, CD8, FOXP3, CD25, IFN-y, and IL-2
producers post-PMA/ionomycin stimulation, TSDR demethyla-
tion, sterility testing according to Pharmacopoeia, and absence of
mycoplasma and endotoxin and TCR sequences. In addition, we
will store retention samples for the possibility of further testing
in case of adverse events. Moreover, we plan a detailed therapy
response monitoring of the gene-edited Treg product after infusion
into patients, e.g., with follow-up ddPCRs and TCR sequencing
from patient blood as well as biopsies and urine where available,
extensive leukocyte profiling by multiparameter flow cytometry
and check for inflammatory events such as cytokine storm after
infusion into the patient as well as over-immunosuppression in
form of reactivations of chronic viruses, HLA-DR expression on
monocytes or tumor formation.

Conclusions

In summary, this study demonstrates that FKBP12X-Tregs retain
stable regulatory identity and function while remaining operational
under tacrolimus exposure, addressing a fundamental barrier to
integrating Treg therapy with standard immunosuppression. The
successful establishment of a GMP manufacturing process provides
the foundation for future first-in-human evaluation to determine
whether co-administration of FKBP12X°-Tregs with tacrolimus
can improve immune control and reduce long-term dependence
on systemic immunosuppression in transplant recipients.

MATERIALS AND METHODS
All information on antibodies is attached in Table S1 and informa-
tion on materials in Table S2.

Blood sampling and ethics

We recruited a total of 15 healthy volunteers who gave a written
declaration of consent. This study was approved by the Ethics
Committee of Charité-Universitaetsmedizin Berlin as EA4/091/19
and EA1/052/22.
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Figure 7. Validation results of KO-efficacy in
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Isolation and culture of Treg

CDA4" T cells were isolated from peripheral whole blood either by a
research grade or a GMP protocol; i.e., EasySep Human CD4" T cell
Enrichment Kit (STEMCELL Technologies) and CliniMACS
Plus device (Miltenyi Biotec), respectively. CD4" cells subse-
quently underwent fluorescently activated cell sorting (FACS) us-
ing MACSQuant-Tyto (Table S1, Miltenyi Biotec). Tregs were
thereafter cultured with X-VIVO-15 medium (Lonza) with 1%
penicillin/streptomycin and 10% fetal calf serum (FCS) supple-
mented with rapamycin at a concentration of 100 nM/mL and re-
combinant human IL-2 at a concentration of 1,250 IU/mL
(Table S2). Tregs were subjected to expansion over the first
7 days with anti-CD3/CD28-MACSiBeads at 4:1 ratio and
following 14 days at 1:1 ratio replenished every other day when
cultivated in 24 well plates (research grade, pre-GMP). For GMP-
grade expansion, Tregs were cultured in G-Rex bioreactors
(G-Rex 10 and 100, Wilson Wolf Manufacturing). An aliquot of
the negative fraction of the FACSort, i.e., non-Tregs (Tcon) served
as control, and was expanded using identical conditions. In addi-
tion, expanded and cyro-preserved CMV-antigen-specific
FKBP12XC-Teff was included as control samples for the
proteomics and CITE-seq analysis.

FKBP12 knockout in Treg

On day 7, the Tregs were electroporated with ribonucleoprotein (RNP)
complexes using the Amaxa-P3-primary-cell-4D-Nucleofector-X-Kit-
L and the Amaxa-Nucleofector-4D (Lonza); after pre-complexing
10 pg Alt-R S.p. (HiFi) Cas9 Nuclease V3°? (Integrated DNA Tech-
nologies) with 15 pg 20’-methyl-3'phosphothioate-modified sgRNA
(Synthego).'”'® MOCK controls were treated with Cas9 nuclease
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Dimethyl sulfoxide was added to the unstimu-

lated control. Afterward, cells were labeled
with antibodies (Table S1). For intracellular staining the cells were
fixed and permeabilized with the FoxP3/Transcription Factor Staining
Buffer kit and stained for activation markers (Table S1). Cells were
measured using flow cytometers (i.e., LSR II Fortessa/Cytoflex LX)
and analyzed using FlowJo (v.10). Following 21 days of expansion,
the pSTAT5 levels were assessed, pre-stained cells were seeded at
range of concentrations (0.5 X 1060.4 x 10 x 60.5 x 106 cells per
well), stimulated at varying IL-2 concentrations (0, 1, 10, 100,
1,000 U/mL) for 30 min at 37°C.

T cell proliferation suppression assay

After resting overnight in 10% FCS-containing RPMI, Treg sup-
pressive capacity was analyzed on freshly isolated, autologous
CD3" T-cells (Human T cell enrichment cocktail, STEMCELL
Technologies), namely Tresp that were either unedited Tresp"'"
or edited FKBP12XC-Tresp respectively. Tresp were stained with
10 pM carboxyfluorescein diacetate succinimidyl ester (CFSE;
Sigma-Aldrich) for 3 min at room temperature before stopping
the reaction with 10 mL of FCS and 40 mL of RPMI. Following
that, autologous Treg"" and FKBP12X°Treg were co-cultured at
various Treg/Tresp ratios under stimulation with anti-CD3/CD28
microbeads (Treg Suppression Inspector, Miltenyi).”> Tresp W'T
and FKBP12XC-Tresp proliferation was investigated under
different immunosuppressants. The following immunosuppres-
sants were implemented: 6 ng/mL tacrolimus, 8 ng/mL everolimus
as well as 0.57 pg/mL prednisolone. The percentage of Tresp/T cell
proliferation, detected by the level of Carboxyfluorescein succini-
midyl ester (CFSE) dilution, was calculated in the presence and
absence of Treg. Extracellular flow cytometric staining including
viability assessment as well as CD3, CD4, and CD8 was



www.moleculartherapy.org

implemented, measured using the LSR II Fortessa flow cytometer
and analyzed using Flow]Jo.

FKBP12-knockout efficiency analysis and validation using

digital droplet PCR

Editing efficiency was determined, as previously described, using
the Inference-of-CRISPR-Edits (ICE) algorithm (Synthego
Corporation).'”'®%*

During GMP process development, the following ddPCR assay
was established. On day 0.5 x 10° cells of the negative fraction of the
Tyto-sort were cryo-stored to elaborate on KO-efficacy. In addition,
5 x 10° cells of the FKBP12X°-Treg were taken for DNA isolation of
both samples using the QIAmp DNA kit (QIAGEN) according to
the manufacturer’s protocol on day 17. Following that, DNA concen-
tration is measured using the Qubit Assay system (Thermo Fisher Sci-
entific) and samples undergo ddPCR for KO-efficacy detection. KO-ef-
ficacy data from biological samples is correlated to a standard curve
generated by KO controls with 50%, 75%, and 100% KO rate (deviation
of +10% allowed). The following sequences for ddPCR probes
were used: RTP28 (5’-/5HEX/CAC CTT CCC CAA GC + G CGG/
3IABKFQ/-3') and RT-P22 (5°/56-FAM/AGC CGC CGC/ZEN/GCG
CCA CTA CT/3IABKFQ/-3') in combination with the following
primers: Primer RT-25 (5-ATG GGA GTG CAG GTG GAA ACC
ATC -3') and primer RT-26 (5'-CGC TGG GCC CCC GAC TCA -3').

Methylation profiling

The TSDR methylation status was assessed using the Infinium-
Methylation-EPIC-Kit. 200-250 ng of DNA was subjected to bisul-
fite conversion using EZ-DNA-Methylation-Gold-Kit. Bead Chips
were imaged on Illumina’s Microarray Scanner iScan. Prior to
sequencing by Genewiz/Azenta, amplicons were purified with
QIAquick-PCR-Purification-Kit and normalized to 20 ng/pL.
Methods applied as per manufacturer’s instruction.

The raw intensity data files (IDAT) were processed with the minfi
package (v.1.42.0) using quantile normalization. Probes were
removed if they (1) failed the detection-p value filter (p < 0.01), (2)
were flagged as cross-reactive, (3) were listed in the updated Illumina
manifest (Infinium MethylationEPIC v.1.0, 13-Mar-2020), or (4)
overlapped known single nucleotide polimorphisms (SNPs), the
latter being excluded with the minfi function dropLociWithSnps.
Differentially methylated positions (DMPs) were identified with
the limma package (v.3.52.2). Gene-set enrichment was performed
on the full set of DMPs with the methylglm function from the meth-
ylGSA package (v.1.14.0). The analysis was adjusted for the number
of CpGs per gene and employed pathway definitions from the KEGG
database. This method accounts for gene length and incorporates the
p values of all CpGs associated with each gene.

T cell receptor sequencing

DNA was extracted using All-Prep-DNA/RNA-Kit (QIAGEN) and
subjected to TCR-B sequencing (Adaptive Biotechnologies) and
analyzed with the InmunoSEQAnalyzer 3.0 software.

Proteomic characterization by mass spectrometry

1x10° Tregs were pelleted, snap-frozen, and stored at —80°C before
subjecting them to mass spectrometry-based proteome analysis as
described previously.”> Peak lists were searched and compared
against the human Swiss-Prot database using PEAKS-studio-prote-
omics v.10.6 (Bioinformatics Solutions). Peptide identification was
performed using PEAKS-DB combined with PEAKS-de-novo
sequencing. Label-free quantification with PEAKS-Q was used,
with a false discovery rate set to 0.01.

DigiWest

T cell lysates were subject to SDS-PAGE. Eluted proteins were incu-
bated with protein specific antibodies as described previously.””
Antibody specific signals were evaluated using DigiWest analysis
tool and subjected to non-parametric statistical analysis and hierar-
chical clustering.

Cellular indexing of transcriptomes and epitopes sequencing
Treg"™, FKBP12XC-Treg, and Tcon were pooled post-labeling with
TotalSeqC anti-human antibodies for surface characterization
(Table S3). Single-cell suspensions were loaded onto Next-GEM-
Chip-G. Tagged antibody, transcriptome, and TCR libraries were
prepared using the Chromium Single Cell 5" Library & Gel Bead
Kit as well as the Single Cell 5’ Feature Barcode Library Kit. Libraries
for gene expression and CITE-seq were prepared using Single-Index-
Kit-T-Set-A/Single-Index-Kit-N-Set A and quantified using Qubit-
HS-DNA-assay kit. Further, fragment sizes were determined using
2100-Bioanalyzer with the High-Sensitivity-DNA-Kit. Sequencing
was performed on a NextSeq500 device using High-Output-v.2-
Kits. Additional information on CITE-seq computational analysis
can be found in the supplemental information section.

Expansion of Treg products in the presence of IS

Following 21 days of expansion, the Tregs were cultured in 24-well
plates for 3 or 10 days with or without tacrolimus (stock solution
solved in ethanol 96%, reconstituted in PBS) and CsA (reconstituted
in Ampuwa) at concentrations of 6 ng/mL and 120 ng/mL, respec-
tively. Furthermore, classical triple immunosuppression was imple-
mented by combining 6 ng/mL tacrolimus with prednisolone at a
concentration of 0.57 pg/mL and Mycophenolate-mofetil at a con-
centration of 2.7 pg/mL.

Off-target nomination using UNCOVERseq

To nominate off-targets of the FKBP12 sgRNA, UNCOVERseq was
performed as previously described.”® Briefly, HEK293-Cas9 cells
HEK293-Cas9 (ATCC) cells were cultured in Eagle’s Minimum
Essential Medium (EMEM; ATCC) supplemented with 10% FBS
at 37°C with 5% CO2. For each transfection, 8.0 x 10° cells were
washed with 1X phosphate-buffered saline, and resuspended in
20 pL of solution SF (Lonza). Following this, 5 pM gRNA and
0.5 pM dsODN were added to the SF solution. This mixture was
transferred into 1 well of a 96-well Nucleocuvette plate (Lonza)
and electroporated using program DS-150 with biological triplicate
treatment/control samples. Following electroporation, cells were
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transferred to a 6-well plate preheated with EMEM and were
incubated at 37°C with 5% CO2 for 72 h. After incubation, genomic
DNA (gDNA) was extracted using the MonarchTM Spin gDNA
Extraction Kit (New England Biolabs) according to the manufac-
turer’s instructions, eluted in low-EDTA TE buffer (IDT, 11-05-
01-05), and quantified using a NanoDrop 8000 UV-Vis Spectropho-
tometer (ND-8000-GL). 500 ng of purified gDNA was enzymatically
fragmented and adapter-ligated using the xGen DNA Library Prep
EZ UNI kit along with the xGen Deceleration Module (IDT, xGen
DNA Library Prep EZ UNI 96 rxn, 10009822; xGen Deceleration
Module 96 rxn, 10009823) according to the manufacturer’s instruc-
tions and cleaned with AMPure XP beads (Beckman).

Off-target nomination using CAST-seq

CAST-seq analyses were performed as previously described, with
some adjustments to the workflow.””*® In brief, the average frag-
mentation size of the genomic DNA was aimed at a length of
500 bp, and the libraries were sequenced on a NovaSeq 6000 using
2 x 150 bp paired-end sequencing (GENEWIZ, Azenta Life Sci-
ences). Sites under investigation were categorized as off-target medi-
ated translocation (OMT) if the p-value met the cut-off of 0.005.

Off-target nomination using in silico models

To nominate sites in silico, CALITAS® was used to nominate off-
target sites both in the reference genome (GRCh38) and with consid-
eration of known mutations from haplotype resolved variants from
the Human Genome Diversity Project (HGDP) and the Genome
Aggregation Database (gnomAD) occurring at >1% in any of the an-
notated super-populations. Super populations evaluated included
African (AFR), Admixed American (AMR), East Asian (EAS),
Non-Finnish Eurpoean (NFE), and South Asian (SAS) populations.

Computational analysis for UNCOVERseq

Following NGS (2 x 150), analysis of UNCOVERseq data was
performed as previously described.® Briefly, Illumina adapters
and UMIs identified and annotated using Picard
MarkIlluminaAdapters. Tag sequences were identified and trimmed
using Cutadapt v.4.248. Sequencing reads were aligned to hg38
(GRCh38) reference genome using BWA mem v.0.7.15 and UMI
consensus reads were generated based on consensus from a single-
strand (minimum UMI consensus size = 1) using fgbio v.0.7.0
(https://github.com/fulcrumgenomics/fgbio). Nomination of candi-
date off-target sites began by using mapped UMI consensus reads to
create a flanked search space ( 40 bp) to perform alignment between
the guide and empirical target region using a glocal implementation
of the Needleman-Wunsch alignment. After a candidate match to
the gRNA spacer region was identified in the sequencing data,
nominated off-target sites were identified using a hypergeometric
test with multiple testing correction (Benjamini-Hochberg;
FDR<0.05) by comparing individual treatment samples and pooled
control samples for significant differences in representation between
the two. We used the following criteria to nominate off-target sites
from this analysis for verification: (1) at least one sample nominated
a given site with NGS evidence on both sides of the cut site, (2) Lev-

were
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enshtein distance <7 as determined post-alignment, and (3) signifi-
cant adjusted p value when comparing the frequency of the event
to the pooled control(s). Nominated on/off-target sites had addi-
tional meta-data added based on alignment/genomic context and
were placed into described tiers based on this meta-data (Table S5).

Off-target prioritization

Candidate off-target sites nominated by different methods are asso-
ciated with method-specific unique enrichment scores, supporting
information, and annotations. To prioritize off-targets for confirma-
tion a ruleset was used to determine the appropriate off-target sites
for interrogation. Off-targets were prioritized if they met one or
more of following criteria: (1) they were tier 1-tier 3 UNCOVERseq
nominations, (2) they were derived Abnoba-seq, (3) they were repro-
ducibly derived from CAST-seq, (4) they were an in silico derived site
with a Levenshtein distance <3 from the intended gRNA spacer,
(or 5) they were an in silico-derived site positioned within an anno-
tated exonic region. All sites were designed for multiplexed amplicon
sequencing using the IDT rhAmpSeq Design Tool (https://www.
idtdna.com/pages/tools/rhampseq-design-tool).

Library Preparation—Confirmation

Genomic DNA was extracted from control and genome-edited cells
as described previously. Libraries for amplicon NGS were prepared
using a previously described rhAmpSeq amplification-based method
(IDT) using 100 ng of gDNA input. Briefly, the first round of PCR
was performed using target-specific primers. A second round of
PCR was used to incorporate P5 and P7 Illumina adapters to the
ends of the amplicons for universal amplification. Libraries were
purified using Agencourt AMPure XP system (Beckman Coulter)
and quantified by Qubit 1X dsDNA HS Assay kit (Invitrogen)
before sequencing on the Illumina NextSeq platform (150-bp paired
end reads). Read demultiplexing was performed on the resulting
BCL files using Picard v.2.18.9 (https://github.com/broadinstitute/
picard) IlluminaBasecallsToFastq. Computational analysis of off-
target confirmation and off-target translocations was implemented
according to published literature and additional information on
the computational approach can be found in the supplemental

. . . 70,71
information section.”””’

Statistics

All data points represent biological replicates. Analysis was per-
formed using GraphPad PRISM (v.8.3) and R (2024.12.0 + 467).
Data are shown as mean + SEM unless otherwise stated.

DATA AND CODE AVAILABILITY

Results will be made accessible on repositories and according to the FAIR data principles
upon successful publication as well as they will be shared upon reasonable request.
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