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Figure S3: Reduced ATF3 expression in L4 and L5 DRGs of SAFit2-treated
animals. Immunohistochemistry staining of the neuronal stress marker ATF3. (A)
Representative images of ATF3 stained L4 and L5 dorsal root ganglia (DRGs) at 10X
magnification (scale bar: 100 um). Samples of naive animals were labeled as control.
(B) Quantification of the mean intensity per image. Data represent the mean + SEM
from 10 quantified images per mouse. Each condition comprises data from four mice.
**p <0.01, ** p < 0.001 one-way ANOVA with Tukey’s multiple comparison test.
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Figure S4: Reduced cFOS expression in spinal cord and L4-L5 DRG slices of
SAFit2-treated animals. Immunohistochemistry staining of the neuronal activity
marker cFOS. Representative images of cFOS stained spinal cord (dorsal horn (A)
and L4-L5 dorsal root ganglia (DRGs) (B) slices at 20X magnification (scale bar: 50
pum). Samples of naive animals were labeled as control. (C) Quantification of cFOS
positive signals per image. (D) Quantification of the mean intensity per image. Data
represent the mean + SEM from 10 quantified images per mouse. Each condition
comprises data from four mice. ** p < 0.01, *** p < 0.001, **** p < 0.0001 one-way

ANOVA with Tukey’s multiple comparison test.
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Figure S5: Cytokines and chemokines measured in the DRGs of paclitaxel
treated mice. After 12 days, DRGs samples were homogenized and analyzed using a
multiplex immunoassay including a panel of 26 cytokines and chemokines. The data

represents the mean + SEM from 5 mice per group. The raw data was related to the

total protein amount of the sample.
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Figure S6: Cytokines measured in the spinal cord of paclitaxel treated mice. After
12 days, spinal cord samples were homogenized and analyzed using a multiplex
immunoassay including a panel of 26 cytokines and chemokines. The data represents

the mean + SEM from 5 mice per group. The raw data was related to the total protein

amount of the sample.
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Figure S7: Chemokines measured in the spinal cord of paclitaxel treated mice.
After 12 days, spinal cord samples were homogenized and analyzed using a multiplex
immunoassay including a panel of 26 cytokines and chemokines. The data represents

the mean + SEM from 5 mice per group. The raw data was related to the total protein

amount of the sample.
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Supplementary Methods section: DRG immunohistochemistry

The L4 and L5 DRG samples were obtained as described in the “tissue isolation”
method section in the main manuscript. Afterwards, the tissue samples were
embedded in Tissue-Tek and frozen at -80 °C. For immunohistochemistry stainings,
the frozen tissue samples were serially sliced into 12 um tissue slices with a cryostat
(Leica Biosystems). Next, the slices were stained according to the protocol, which is
described in the "immunohistochemistry” method section in the main manuscript. The
primary antibodies anti-ATF3 (sc-188, Santa Cruz) and anti-cFOS (9F 3, Cell Signaling)
were diluted 1:50 and 1:200, as recommended, respectively in 1% BSA solution and
applied for an overnight incubation at 4 °C. The primary antibody anti-FKBP51 (sc-
271547, Santa Cruz) was diluted 1:50 as recommended in 3% BSA solution to
minimize cross-reactivity as the host species is mouse. The secondary antibody goat
anti-rabbit Alexa Fluor 488 (ab150077, Abcam) was diluted 1:1000 in 1% BSA solution
and applied for one hour at room temperature. The secondary antibodies goat anti-
mouse Alexa Fluor 488 (CF488A, Biotium) and sheep anti-mouse Cy3 (C2181, Sigma
Aldrich) were diluted in 3% BSA solution. For quantification purposes, 10 images were
taken per animal per staining. One treatment group comprises samples from four

animals as for the spinal cord samples.
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5 General discussion

Within this thesis, the central aim was to elucidate whether SAFit2, a selective FKBP5T1
inhibitor, might serve as potential novel drug candidate for the treatment of nerve injury-
and chemotherapy-induced, especially paclitaxel-induced, neuropathic pain. This guiding
aim was based on previous data which showed that FKBP51 deficient mice experienced
significantly less inflammatory and chronic pain (343, 344). Moreover, the lack of efficient
neuropathic pain therapeutics highlights a relevance for novel targets, drug candidates, and
treatment strategies. Based on this, we analyzed the impact of SAFit2 on different
neuropathic pain states in vivo and on pain-associated mechanisms in primary cell cultures
and with primary tissue samples in vitro (153, 370, 371). In line with this, we discovered that
SAFit2 might constitute as novel treatment option for nerve injury- and chemotherapy-

induced neuropathic pain as it efficiently relieved pain in both mouse models.

5.1 SAFit2-mediated effects in nerve injury- and chemotherapy-induced
neuropathic pain in relation to the glucocorticoid receptor signaling

At first, the influence of SAFit2 on pain sensation was assessed in mouse models of nerve
injury- and chemotherapy-induced neuropathic pain. Therefore, mice underwent either a
surgery to cause a spared nerve injury or were repetitively injected with paclitaxel as
cytostatic to induce the respective types of neuropathic pain. Afterwards, the mice were
treated either with SAFit2 or the respective vehicle for a distinct period of time. Based on
this, we observed an alleviation of mechanical hypersensitivity, which is defined as indication
for persistent pain in rodents (373), after SAFit2 treatment in both neuropathic pain models
(370, 371). Since SAFit2 gained a pain relief in two models that diverge in their initiation and
vary in their underlying mechanisms, a SAFit2-mediated pain relief was suggested to be

primarily mediated by an interference of SAFit2 into the disrupted FKBP51-GR interplay.

In line with this assumption, FKBP51-mediated dysregulations in the GR signaling were
previously suggested to contribute to the development of neuropathic pain (343, 344).
Associated to this, the expression of glucocorticoid receptors was increased in the spinal
cord of nerve-injured mice and in the hippocampus of focal brain-injured mice (374, 375).
Furthermore, previous studies associated the GR signaling with an upregulation of NMDA

receptors, which play an important role in central sensitization mechanisms, in the spinal
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cord of nerve-injured mice. Likewise, antagonizing GRs reduced the upregulation of NMDA
receptors after nerve injury and antagonizing NMDA receptors reduced nerve injury-induced
hypersensitivity in rodents (376, 377). Moreover, antagonizing GRs in an ankle joint
inflammation model significantly reduced mechanical hypersensitivity in mice (343).
However, targeting GRs in naive mice led to the development of mechanical hypersensitivity.
This indicates an anti-nociceptive function of the GR signaling at basal conditions and a pro-
nociceptive role of the GR signaling in the development of inflammatory and neuropathic
pain states (343). Based on this, the dysregulation of the GR signaling was suggested to
mediate pro-nociceptive functions. Accordingly, previous studies indicated that an ablation
of FKBP51, which functions as co-chaperone and downstream target of GR, established a
constant anti-nociceptive property of the GR signaling (343, 344). According to these
insights, counteracting the sustained upregulation of FKBP51 in neuropathic pain states
would be beneficial for restoring GR properties and therefore ameliorating neuropathic pain.
In line with this, SAFit2 mediated a pain relief in nerve injury- and paclitaxel-induced
neuropathic pain states in mice (370, 371), indicating that SAFit2 efficiently interferes in the
pathological and FKBP51-mediated dysregulation of the GR signaling (Figure 10).

A dysregulation of the GR signaling and the associated glucocorticoid resistance may also
play an essential role in neuropathic pain underlying mechanisms which regulate the
development and maintenance of neuropathic pain. More specifically, the GR signaling has
been indicated to regulate the activation of the NF-kB signaling pathway and thereby to
modulate the transcription of cytokines under physiological conditions (378). Based on this,
high levels of glucocorticoids can facilitate a strong anti-inflammatory response. However,
studies postulated that in chronic and excessive inflammatory states such as those in
neuropathic pain, FKBP51-GR homeostasis is disrupted and GR insensitivity arises (379, 380).
In addition, pro-inflammatory cytokines are suggested to mediate such dysregulations as
they have been shown to decrease the expression of GRs and to block the GR translocation
into the nucleus (381). In consequence, endogenous glucocorticoids fail to resolve

neuroinflammation or inflammation in neuropathic and chronic inflammatory pain states.

However, this pathological glucocorticoid resistance might be resolved through an SAFit2
application in neuropathic pain states, since counteracting and preventing the pathologically
increased FKBP51 levels, restored FKBP51-GR homeostasis and GR sensitivity in vivo (343).

In addition, the anti-nociceptive and anti-inflammatory properties of the GR signaling could
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be restored with SAFit2. In line with this hypothesis, we observed decreased pro-
inflammatory cytokine levels in neuronal tissue of nerve-injured mice after SAFit2 treatment
(Figure 10). Moreover, we observed a reduction in the NF-kB pathway activation in DRGs
and spinal cord of nerve-injured mice after SAFit2 treatment (370). In accordance to this, a
reconstituted GR signaling was shown to counteract an inflammation-driven and
pathologically increased NF-kB activation (378). Beside the reduction of pro-inflammatory
cytokines, paclitaxel-treated animals showed additionally an increase in anti-inflammatory
cytokines like IL-10 and IL-22 after SAFit2 treatment. Likewise, the GR signaling is known to
repress pro-inflammatory cytokines and to induce the expression of anti-inflammatory
cytokines (382, 383), highlighting the complexity of the GR signaling. Nevertheless, these
insights lead to the assumption that SAFit2 has the potential of restoring a physiological

FKBP51-GR homeostasis in neuropathic pain states.

Interestingly, the comparison of cytokine levels reveals differences between the nerve injury-
and the paclitaxel-induced neuropathic pain model after SAFit2 treatment (370, 371).
Notably, SAFit2 reduced pro-inflammatory cytokine levels only in nerve-injured mice and
not in paclitaxel-treated mice (Figure 10). In addition, SAFit2 increased anti-inflammatory
cytokine levels only in paclitaxel-treated mice. These differences might be mediated by the
different characteristics of the models. Paclitaxel-induced neuropathic pain encompasses a
minor inflammatory component, whereas nerve injury-induced neuropathic pain is
characterized by an inflamed injury site. This inflamed nerve injury in turn leads to a strong
neuroinflammation, including an enhanced release of pro-inflammatory mediators such as

cytokines (237, 261, 265, 274, 384-386).

In contrast to the model-dependent differences, the reduction of chemokine levels was of
similar magnitude in DRGs and spinal cord of both models (370, 371). Chemokines are
known to play a major role in the transmission of pain as they can directly act on sensory
neurons and glial cells (275, 387). Furthermore, chemokines are known to activate glial cells
and resident immune cells as well as to facilitate the migration and invasion of immune cells
(388, 389). In particular, they serve as chemoattractants and enhance the expression of
adhesion molecules in endothelia cells to enable a successful invasion of immune cells into
tissue (390). Accordingly, we detected a reduced immune cell infiltration into DRGs and
spinal cord of nerve-injured mice and a reduced glial cell activation in the spinal cord of

paclitaxel-treated mice (Figure 10). However, we observed no alterations in the number of
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immune cells at the site of injury, the sciatic nerve, in nerve-injured mice (370). This is of

particular interest, as the application of glucocorticoids and the corresponding GR signaling
are associated with systemic anti-inflammatory and immunosuppressive actions (390-392).
In comparison, SAFit2- and glucocorticoid-mediated effects show major differences.
Whereas glucocorticoids seem to overshoot the system and to switch a GR insensitivity
towards a GR hyperactivation, SAFit2 seems to restore a physiological homeostasis of the
GR signaling. This restored homeostasis was assumed after SAFit2 treatment since SAFit2
reduced the infiltration of immune cells into DRGs and spinal cord but did not impair the
number of immune cells at the site of injury. Thereby, systemic neuroinflammation and
sensitization processes were reduced without effecting the resolution of inflammation at the
site of injury.
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Figure 10: Summary of SAFit2-mediated effects in nerve injury- and paclitaxel-induced neuropathic pain
models. SAFit2 significantly reduced mechanical hypersensitivity, a symptom of persistent pain, in both
models. Furthermore, it significantly reduced levels of pro-inflammatory cytokines and pain-mediating
chemokines in DRGs and spinal cord of nerve-injured mice. In contrast, paclitaxel-treated mice showed an

increase of anti-inflammatory cytokines and a decrease of pain-mediating chemokines in DRGs and spinal cord
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after SAFit2 treatment. Nevertheless, SAFit2 leads to changes in the number of activated immune cells in both
models. Whereas SAFit2 decreases the invasion of immune cells into DRGs and spinal cord in the nerve injury
model, SAFit2 reduces the activation of glial cells in the paclitaxel model. Notably, SAFit2 did not alter the
number of immune cells at the site of injury, the sciatic nerve, in the nerve injury model. Moreover, SAFit2
counteracted an enhanced NF-kB pathway activation in DRGs and spinal cord of nerve-injured mice. Besides
this, SAFit2 seems to increase the levels of free fatty acids as well as ceramides in both models. Furthermore, it
restored the levels of an analgesic ceramide, dihydroceramide C16, after neve injury and of anti-inflammatory
oxylipins after paclitaxel treatment. In primary sensory neurons, SAFit2 lead to the desensitization of the ion
channel TRPV1 and a reduced release of the neuropeptide CGRP. Orange arrows represent changes in the
nerve injury model, whereas blue arrows display changes in the paclitaxel model. In addition, light orange
boxes display either in vivo or ex vivo data, whereas the grey box illustrates results from primary sensory neuron
cultures. SAFit2-mediated effects that are similar in the nerve injury- and the chemotherapy-induced

neuropathic pain are printed in bold. The illustration was created with images from motifolio.

The equilibrating property of SAFit2 displays a key benefit in the context of pain treatment,
as the GR signaling displays a beneficial pathway for the regulation of anti-inflammatory and
anti-nociceptive actions at basal levels (343). However, its homeostasis and regulation seem
to be quickly impaired especially in the context of enhanced and chronic inflammation (343,
380, 393, 394). Furthermore, counteracting this disbalance either with GR antagonists or
glucocorticoids, GR agonists, resulted in either an analgesic but not anti-inflammatory or
strong anti-inflammatory but also immunosuppressive outcome (343, 377, 395-398). In line
with this, many studies postulated diverging effects of pain sensation, when targeting the
GR signaling with conventional therapeutics in complex mechanisms such as
neuroinflammation (399). These contradicting outcomes especially involve mechanisms that
include and affect neuronal and immunological components like the activation of astrocytes
(400). Based on this, reconstituting the FKBP51-GR homeostasis with SAFit2 seems to be a

promising approach to target complex neuroinflammatory mechanisms in pain.

Beside the GR signaling in chronic inflammatory states, glucocorticoids also induce
contradictory effects in lipid metabolism. On the one hand, the acute increase of
glucocorticoids lead to the release of stored energy like lipids, on the other hand, long term
elevated glucocorticoid levels are associated with adipose tissue accumulation (401).
However, the investigation of the GR signaling in the context of obesity and type Il diabetes
increases (402). In line with this, previous studies showed that FKBP51 deficient mice had

lower lipid plasma levels, gained less body weight, and comprised less glucose intolerance
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than wild type animals (339, 403). Nevertheless, the influence of the GR signaling on

endogenous lipid mediators such as oxylipins is not well understood yet.

In this work, we firstly assessed lipid levels in nervous tissue after pharmacologically
targeting FKBP51 (Figure 10). Thereby, we observed increased poly unsaturated fatty acid
and ceramide levels in both models after SAFit2 treatment (369, 371). Although, the role of
ceramides is poorly understood in the mediation of neuropathic pain, we identified one
dihydroceramide which was significantly altered after SAFit2 treatment in the nerve injury
model. Interestingly, we observed that the C16 dihydroceramide comprises analgesic
properties as it desensitized the pain-mediating TRPV1 channel in vitro as well as reduced
thermal hypersensitivity in a capsaicin mouse model (369). Based on this, we firstly revealed
a lipid mediator that is restored by SAFit2 after nerve injury. Beside the C16 dihydroceramide,
we also observed an increase in PUFAs in DRGs and spinal cord in both neuropathic pain
models, highlighting especially the increase of docosahexaenoic acid (DHA) (369, 371). DHA
is known as an anti-inflammatory PUFA which is significantly reduced after nerve injury and
restored to a sham comparable level after SAFit2 treatment (369). In the paclitaxel model,
DHA levels are even increased after SAFit2 treatment compared to the respective vehicle
control. Moreover, we observed elevated DHA oxylipin levels, which are precursors for SPMs
such as resolvins, after SAFit2 treatment in paclitaxel-treated mice (371). Based on these
results among others, we assume that SAFit2 might cause a shift in lipid distribution towards
an anti-inflammatory lipid profile and thereby contributes to the resolution of neuropathic

pain.

In summary, SAFit2 led to an amelioration of mechanical hypersensitivity in both nerve
injury- and paclitaxel-induced neuropathic pain mouse models. Furthermore, it reduced
signs of neuroinflammation like the reduction of pro-inflammatory mediators or the
activation of glial cells. Lastly, SAFit2 increased anti-inflammatory lipid mediators in nerve
injury- and paclitaxel-induced neuropathic pain mouse models, highlighting its

comprehensive and multimodal regulation in the context of neuropathic pain.
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5.2 The influence of SAFit2 on TRPV1 sensitization and the phosphatase
calcineurin

Besides the promising in vivo effects of SAFit2, we observed in vitro that SAFit2 desensitizes
the pain-mediating TRPV1 channel probably by decreasing its phosphorylation state (370).
The dephosphorylation of TRPV1 is mainly mediated by the phosphatase calcineurin in
sensory neurons (404, 405). In line with this, we observed that the calcineurin inhibitor
cyclosporine reversed the SAFit2-mediated desensitization of TRPV1 in primary sensory
neurons (370). Based on this, we investigated the influence of SAFit2 on calcineurin in vitro,
detecting that SAFit2 enhanced the calcineurin-mediated phosphate release (370). Based on
this insight, we suggest that SAFit2 desensitizes the pain-mediating TRPV1 channel in a
calcineurin dependent manner. Although these findings would be beneficial in the context
of pain and would contribute to a pain relieve in vivo, this data also raised the question
whether an increased calcineurin-mediated dephosphorylation of TRPV1 might be an off-

target effect of SAFit2.

To address this question, the molecular structure of SAFit compounds, which was developed
on the molecular basis of FK506, has to be considered (367, 406). FK506 is predominantly
known for its immunosuppressive function, mediating the inhibition of calcineurin (407, 408).
However, the immunosuppressive capacity of SAFit compounds was neglected in different
stimulation assays (367, 409). In those assays, SAFit compounds neither impaired T cell
activation nor T cell cytokine secretion, highlighting that SAFit compounds have no
immunosuppressive capacity (367). Nevertheless, elucidating whether the calcineurin-
mediated TRPV1 desensitization is an on- or off-target effect of SAFit2, becomes a
challenging issue, since the regulation of calcineurin is multifarious (Figure 11). Furthermore,
the influence of uncomplexed FKBP51 on calcineurin is not fully discovered as only one
group proposed the direct inhibition of calcineurin by FKBP51 (410). However, the inhibition
of calcineurin by the complex of FKBP1-FK506 was confirmed in various studies (411-414).
In line with that, the concept of scavenging either FKBP51 or minimizing the complex of
FKBP51-FK506 with SAFit2 would support the assumption of a FKBP51 dependent effect,
since SAFit2 directly competes with FK506 in the binding of FKBP51. This assumption was
supported by the results which showed that a SAFit2-mediated desensitization of TRPV1

could be reversed by the inhibition of calcineurin in primary sensory neurons (370).
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Beside the strong expression of FKBP51 in adipocytes and muscles, it has also been shown
to be highly expressed in the brain (340). Within the brain, FKBP51 is predominantly linked
to many neurological disorders which are caused by a disruption of the GR signaling and
will be discussed in a following chapter (321, 437). Beside neurological disorders, FKBP51
was associated to autophagy-mediated processes which play an important role in
Huntington disease (438-440). Huntington disease is a rare condition that is predominantly
described by the loss of neurons in the CNS and is mediated by a modification of the
huntingtin (HTT) gene (441, 442). In addition, lowering the levels of the mutant HTT (mHTT)
protein was shown to ameliorate Huntington disease (437). However, FKBP51 was suggested
to mediate a conformational change in mHTT that prevents an autophagy-driven clearance
of this protein (437). In line with this, lowering FKBP51 levels by pharmacologically targeting
FKBP51, lowered the levels of the mutant HTT (mHTT) protein in vitro and in vivo (437).
Associated to this, FKBP51 was shown to be involved in the complex regulation of autophagy
in the hippocampus. Neither the complete deficiency nor an overexpression of FKBP51 led
to a functional autophagy signaling (439). Exclusively moderate levels of FKBP51 were able
to facilitate a functional autophagy signaling (439). In summary, an autophagy signaling can
only be facilitated at basal levels of FKBP51 which seems to be restored via targeting FKBP51
with SAFit2. Based on this, targeting FKBP51 to restore autophagy reveals a novel and
interesting treatment field since disrupted autophagy is linked to many disorders and
diseases (443-445).

In addition to the suggested involvement of FKBP51 in autophagy, FKBP51 has been shown
to comprise an essential role in the context of cancer. Furthermore, FKBP51 was postulated
as biomarker for cancer by several studies (446-450), although the expression of FKBP51 is
controversially discussed in several cancer types. Likewise, a hyperexpression of FKBP51 was
recorded in many cancer types such as lymphomas, gliomas, melanoma, idiopathic
myelofibrosis, skin melanoma, colon cancer, ovary cancer and prostate cancer (449-452).
However, a downregulation of FKBP51 was identified in pancreatic cancer and breast cancer
(453-455). The diverging expression levels of FKBP51 in different cancer types has been
mainly suggested to depend on the originating cell type and the associated underlying
mechanism (352, 449). Based on this, elucidating the underlying mechanisms of FKBP51 in

the respective cancer types is crucial for targeting FKBP51 in the context of chemotherapy-
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induced neuropathic pain. Therefore, suggested mechanisms are described in the following,

starting with cancer types that are linked to an FKBP51 overexpression.

In the case of prostate cancer, the signaling of the androgen receptor becomes particularly
important. Although FKBP51 represses the activity of GR and PR, it enhances the
transcriptional activity of AR (325, 446). In fact, FKBP51 promotes the recruitment of the co-
chaperone p23 to the HSP90 complex and thereby facilitates the expression of AR target
genes, resulting in cell growth (456). Furthermore, FKBP51 itself displays a target gene of the
androgen receptor, forming a short positive feedback loop (457). Based on this, FKBP51
stimulates tumor progression in prostate cancer which reveals FKBP51 as additional target
beside common treatment strategies such as irradiation and chemotherapy (446, 456, 458).
In line with FKBP51 as cancer target, studies reported a FKBP51-mediated resistance towards
chemotherapeutics such as taxanes in ovarian cancer cells (352, 450, 453). Furthermore,
silencing FKBP51 in those cells increased the sensitivity and efficiency of paclitaxel as
cytostatic (459). These insights highlight a promising treatment strategy of targeting FKBP51
in paclitaxel-treated ovarian and prostate cancer patients with CIPN, enabling both an

efficient cancer treatment and a reduction of CIPN.

Beside prostate and ovarian cancer, studies identified FKBP51 as a beneficial target in
melanoma and lymphoblastic leukemia cancers based on other underlying mechanisms.
Those studies identified that irradiating or chemically treating these cancer types, increased
the activation of the NF-kB signaling pathway, while FKBP51 is overexpressed (446).
However, counteracting the FKBP51 overexpression in turn reduced the activation of the NF-
KB signaling and thereby increased their sensitivity towards irradiation and chemical
treatment (355, 357, 364, 451, 460). Furthermore, a study revealed that silencing FKBP51 in
melanomas reduced their growth, metastasis, and angiogenesis in a xenograft model (356).
Another cancer type, in which the NF-kB signaling plays an essential role, is the ulcerative
colitis-associated colorectal cancer as it is developed from a chronic inflammatory state
(461). Based on this and in line with data from other NF-kB-related cancers, FKBP51 was
postulated as biomarker for the development of colorectal cancer to predict the survival rate
of patients (462). Thereby, an increased FKBP51 expression worsens the prognosis of patients
(462). In summary, targeting FKBP51 seems to contribute to an efficient cancer treatment in

NF-kB signaling related cancer types.
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In contrast, FKBP51 was shown to play an essential role in breast cancer patients. Breast
cancer patients show decreased FKBP51 levels in tumor tissue and 70% of breast cancer
patients have an enhanced estrogen receptor alpha (ERa) expression and activity (463).
Unfortunately, ERat interacts with the HSP90 complex and promotes cell proliferation upon
transcriptional activity (464). FKBP52 was shown to enhance the ERa-HSP90 complex
stability, whereas FKBP51 does not (454). Moreover, FKBP52 was shown to interact with the
breast cancer susceptibility gene 1 (BRCA1) which monoubiquitinates ERa and thereby
prevents its proteasomal degradation (454, 465). In addition, the deletion of FKBP51 was
shown to increase the stability of ERa (454). Based on these insights, targeting FKBP51 in
breast cancer patients with CIPN should be avoided until it is discovered whether targeting

FKBP51 with SAFit2 or analogues affects the stability of ERa.

Another cancer type which displays low FKBP51 expression is pancreatic cancer (453). In this
cancer type, FKBP51 expression was related to a decreased tumor progression, since FKBP51
represses the proliferation-related AKT pathway (466). However, AKT has different isoforms,
whereas only AKT1 is related to the regulation of cell cycle and proliferation (340).
Furthermore, it has been proven that SAFit2 and its analogues do not interfere in the
FKBP51-mediated repression of AKT1 as SAFit2 binds to the binding pocket of FK1 in FKBP51
without sterically impairing its interaction with AKT1 (467). In line with this, targeting FKBP51
pharmacologically with SAFit2 for treating CIPN in AKT1-related cancer types should not

enhance AKT-mediated tumor progression.

In summary, all these insights reveal a tissue specificity of FKBP51-mediated effects as its
expression varies between tissues as well as the expression of its antagonistic homolog
FKBP52 (340, 468). Furthermore, the interaction of FKBP51 with tissue specifically expressed
AKT isoforms was controversially discussed in literature (308, 323, 339, 453, 467). Until now,
FKBP51 has been proposed to interact with AKT1 and AKT2, but not with AKT3. AKT3 is
predominantly expressed in the brain, whereas AKT2 is expressed mainly in muscles and fat,
where it regulates glucose homeostasis, and AKT1 has postulated to be widely expressed
and to regulate cell proliferation (340). Furthermore, SAFit2 and its analogues have been
shown to not interfere in the FKBP51-mediated repression of AKT1, whereas they seem to
prevent the FKBP51-mediated repression of AKT2, based on the recent data (340, 424, 467).
However, the interaction of FKBP51 with AKT2 in the presence of FKBP51 inhibitors is

controversially discussed and has to be investigated in further studies. In conclusion, FKBP51
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seems to be a promising target in many pathologies such as pain, obesity, diabetes and
cancer with FKBP51 overexpression, while targeting FKBP51 could be problematic in disease
states like muscle atrophy and breast cancer. Furthermore, unexplored interaction partners

of FKBP51 have to be further identified to reduce the risk of side effects.

5.4 SAFit2 as novel treatment option for pathological disorders especially
neuropathic pain?

To date, SAFit2 represents the gold standard for pharmacologically targeting FKBP51 from
over 400 other SAFit analogues, as it comprises the best overall profile concerning selectivity,
affinity as well as pharmacokinetic and ADME (adsorption-distribution-metabolization-
excretion) properties (406). Admittedly, other SAFit analogues showed singly improved
parameters, but they did not perform comparably to SAFit2 in multiple parameters (406).
SAFit2 comprises a binding affinity around 6 nM towards FKBP51, which is 10,000 times more
selective than for its homologue FKBP52, making it a highly specific FKBP51 inhibitor (367).
Nevertheless, SAFit2 additionally comprises affinity for FKBP12 and FKBP12.6, which is two
times increased and four times lower than for FKBP51, respectively (469). FKBP12 is known
to mediate immunosuppression in complex with FK506 through the inhibition of calcineurin
(470). However, a study by Gaali et al. identified that SAFit1 does not repress T cell activation
and cytokine production at 100 nM in vitro, which is a common effect of complexed FKBP12
(367, 471). Nonetheless, SAFit1 shows 10 times less cell permeability than SAFit2 in a Caco2
assay from Eurofins (469). Based on these insights, the influence of SAFit2 on FKBP12-
mediated processes should be validated in vitro. Furthermore, evaluations of SAFit2-

mediated effects should consider an FKBP12 involvement.

Besides the affinity for FKBP12, SAFit2 comprises an appreciable affinity for FKBP12.6.
Although less is known about FKBP12.6, it was discussed to interact with the ryanodine
receptor type two which is predominantly expressed in cardiac muscles (472). In addition,
one study showed that FKBP12.6 dysfunctions can contribute to a disruption in the calcium-
induced calcium release (CICR) system in situ (473, 474). The CICR system facilitates regular
heart contractions, implicating that CICR system disruptions could lead to disruptions in
calcium waves and arrhythmias (474). In contrast, an in vivo study showed that FKBP12.6
deficient mice did not develop any arrhythmias (475). However, chronic stress was shown to

induce anxiogenic behavior in mice and to destabilize the binding of FKBP12.6 to ryanodine
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receptor type two. This behavioral outcome could be prevented by the treatment with a tool
compound, which stabilizes the interaction of FKBP12.6 and the ryanodine receptor (476). In
summary, previous findings highlight a possible risk of SAFit2 treatment, since its impact on
FKBP12.6 and FKBP12.6 interactions is not elucidated yet. Nevertheless, focusing on the
cardiovascular impact, a cardiac toxicity test revealed that SAFit2 only marginally affects QT
prolongation in vitro. In addition, only exceedingly high concentrations of SAFit2 around
10 uM, which are not reached in vivo, induced a tail current inhibition of 21.4% (406). Based
on these insights and numerous in vivo studies, which also include chronic SAFit2 treatments,
no SAFit2-mediated toxicity was reported (424, 477-484). However, for a further drug

development, formal toxicity studies have to be performed.

In addition to SAFit2 specific targets, a broad screen, including 45 CNS-relevant drug targets,
was performed to identify potential off-targets of SAFit2. The sigma two receptor was
revealed as first off-target with an inhibitory constant of 226 nM (406). Sigma receptors are
predominantly expressed in neuronal tissue und comprise remarkably similar binding
pockets (485). Although their particular function is not discovered in detail yet, they display
promising targets for the treatment of neurodegenerative disorders (486, 487). Furthermore,
antagonists for both sigma receptors, one and two, are currently under investigation in
clinical or preclinical studies (486). Based on this, inhibiting the sigma two receptor with
SAFit2 seems not to raise any safety issues, but rather extend treatment possibilities for
SAFit2. Secondly, the histamine receptor four was identified as off-target of SAFit2 with a
low inhibition constant (Ki) of 3382 nM (406). The histamine receptor four is a GPCR that
comprises a high affinity for histamine and was shown to mediate chemotaxis and migration
in eosinophils and dendritic cells (488, 489). Moreover, the histamine receptor four is
suggested as target for many allergy-driven diseases like asthma and pruritus but also for
chronic pulmonary diseases, dermatitis and psoriasis (489). In conclusion, both off-targets
of SAFit2 have been revealed as targets for other diseases and do not implicate a risk of

developing any severe side effects (487, 490).

Another essential off-target and inhibitory function of SAFit2 is the inhibition of the CYP3A4,
inhibiting already 58.1% of CYP3A4 at 1 uM (406). The CYP3A4 is the most abundant CYP
enzyme with building up one third of the CYP enzymes in the liver. Likewise, CYP3A4 displays
the most clinically relevant drug metabolizing enzyme (491). The inhibition of CYP3A4

reduces the metabolism and clearance of numerous drugs which leads either rapidly to
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toxicity and overdosing or to an impaired efficiency of prodrugs (492). Therefore, the co-
administration of SAFit2 with any other drug may lead to pharmacokinetic interactions due
to the strong inhibitory effect of SAFit2 on CYP3A4. Regarding the treatment of paclitaxel-
induced neuropathic pain, it has to be taken into account that paclitaxel itself comprises cell
and neurotoxic properties that could be enhanced by co-treating with SAFit2, since paclitaxel
is partially metabolized via the CYP3A4 (493). Based on this, a reduction of CYP3A4 inhibition
should be achieved for further optimized clinical lead compounds. Associated to drug
metabolization, it is yet unexplored how SAFit2 is metabolized and whether SAFit2
metabolites might have toxic properties (406). However, referring to the previously discussed
SAFit2 toxicity, SAFit2 metabolites are suggested to be non-toxic, since chronic treatment
with SAFit2 over 30 days and very high doses of 100 mg/kg (unpublished data) did not reveal
evidence for any toxicity (406, 424). Nevertheless, the maximal tolerated dosage of SAFit2 is

unknown.

Beside metabolization and toxicity, the distribution of SAFit2 was elucidated in
pharmacokinetic studies which comprised different formulations and dosages of SAFit2 (367,
371). These revealed a half-life time of SAFit2 of around nine hours in plasma levels and a
high volume of distribution with standard formulation (367, 406). A high volume of
distribution describes the property of a drug to enter extravascular compartments, meaning
that a higher dose is required to achieve high plasma levels (494). In line with this, a moderate
brain permeability of SAFit2 was discovered (367). However, SAFit2 concentrations in other
tissues such as muscles and fat remain unknown and should be investigated in the future
based on the high distribution volume of SAFit2. Nevertheless, a study could show that
treating animals with 20 mg/kg two times daily resulted in stable plasma levels between
1500-2000 ng/ml (424). However, to gain stable plasma concentrations repetitive injections
of SAFit2 are still necessary, since it is not orally administrable until now (406). Based on this,

the bioavailability of future analogues and lead compounds should be improved.

Independent from the improvable pharmacological profile of SAFit2, it has been shown to
readjust the balance between FKBP51 and FKBP52 in a neuronal cell line and in primary
hippocampal neurons, leading to an enhanced neurite outgrowth (367, 476, 478).
Interestingly, FKBP51-deficient neurons did not show an enhanced neurite outgrowth,
indicating that especially the balance between FKBP51 and FKBP52 facilitates this

mechanism in neurons (476). In line with this, various studies identified FKBP51 and
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especially FKBP51 dysregulations, which can be either induced by chronic stress or caused
by SNPs, as driver of several disorders (329, 335, 336, 363, 466, 495). However, SAFit2 has
been shown to successfully address these dysregulations, since SAFit2 readjusted and
enhanced the glucocorticoid receptor sensitivity to enable a negative feedback loop towards

the HPA axis and thereby reduced corticosterone levels at peak times of secretion (476).

Associated to these counteracting properties of SAFit2, administration of SAFit2 has been
shown to prevent stress-induced behavior such as social avoidance and anxiety like behavior
in mice and rats (477, 496). These behaviors are highly predominant in psychiatric disorders
that are stress induced like depression, post-traumatic stress disorder, and schizophrenia
(477,497, 498). Beside this anxiety like behaviors, SAFit2 was shown to reduce stress-related
alcohol consumption and preference in rodents (481, 499). Furthermore, SAFit2 has been
shown to limit cocaine re-abuse in male rats, indicating SAFit2 as approach for treating
substance abuse disorders (500). This property might also be beneficial in the context of
pain, since opioids are less used for pain treatments due to the high risk of abuses, although

they are efficiently analgesic (297, 501).

In the context of cancer, SAFit2 was additionally shown to improve cancer treatments as it
counteracts the pathological outcomes of FKBP51 overexpression in several cancer types
(406, 502). Likewise, overexpression of FKBP51 was shown to enhance proliferation, mediate
irradiation and chemotherapy resistance and very recently to protect tumors from their
immune environment (354, 446, 503-505). In line with this, SAFit2 was shown to counteract
immune evasion of glioblastomas by reducing the expression of programmed cell death
ligand-1 (PD-L1) (482). Based on this, SAFit2 reduced tumor growth and activated apoptosis
in glioblastomas in vitro as well as in a glioblastoma xenograft model in vivo (482), revealing
SAFit2 as beneficial treatment in the management of cancer. In summary, SAFit2 seems to
be a very promising drug precursor for the treatment of many diseases such as stress-related

disorders, psychiatric disorders, substance abuse and cancer.

In comparison to first-line treatments for neuropathic pain such as amitriptyline and
pregabalin, SAFit2 comprises a broad spectrum of neuroinflammatory effects. Moreover,
SAFit2 mediates a quite efficient pain relief in nerve injury-induced and paclitaxel-induced
neuropathic pain in mice, whereas human data is not existing yet (370, 371). In contrast,

amitriptyline achieved no pain relief in chemotherapy-induced neuropathic pain states in
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humans (506). Nevertheless, amitriptyline revealed overall a relatively low NNT (number
needed to treat) around three to four, indicating that three patients have to be treated with
amitriptyline to gain a 50% pain relief (507). However, the distinct mechanism of action of
amitriptyline is relatively unknown, since the antidepressant drug is used off-label. Likewise,
amitriptyline is not suggested to relieve pain via its unselective serotonin and noradrenalin
reuptake inhibiting function, but rather through off-target effects including the inhibition of
voltage-dependent sodium channels and the activation of potassium channels. Furthermore,
amitriptyline comprises several other interaction partners like muscarine, histaminergic and
dopaminergic receptors, indicating a high unspecificity of amitriptyline (492). In contrast,
pregabalin was developed as voltage-dependent calcium channel blocker for the treatment
of neuropathic pain, inhibiting the release of neurotransmitters like glutamate, noradrenalin,
and substance P (508). However, pregabalin comprises a NNT around seven to eight, besides
several side effects like amitriptyline as well and an increasing risk of abuses (507, 509, 510).
Based on this, even recommended first-line treatments for neuropathic pain display either a
lack of specificity or a low efficacy and comprise a lot of severe side effects. Hence, SAFit2
displays promising properties as drug precursor for neuropathic pain, although it has to be

further optimized in pharmacological parameters for a clinical usage.

5.5 Future perspectives and conclusion

Beside the beneficial effects of SAFit2 in psychiatric disorders, substance abuse, cancer and
neuropathic pain, the influence of SAFit2 or analogues has not been investigated in
neurological disorders such as Parkinson disease and Alzheimer disease (352, 363, 437, 511).
However, those diseases have been associated with FKBP51 and FKBPs in general,
highlighting further approaches of targeting FKBP51 with either SAFit2 or future improved
analogues. Furthermore, SAFit2 efficiently restored glucocorticoid sensitivity in vivo,
indicating SAFit2 as potential co-treatment for glucocorticoids to prevent the development
of a glucocorticoid resistance (353, 476). Glucocorticoids are given in various diverging
inflammatory diseases such as multiples sclerosis, rheumatoid arthritis or asthma (512).
Notably, the inflammatory component of respective diseases points out another treatment
option for SAFit2, since increased FKBP51 levels have been shown to activate the NF-kB
signaling pathway, leading to the expression of numerous pro-inflammatory cytokines (308,

353). However, SAFit2 was shown to counteract this enhanced activity and to reduce pro-
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inflammatory cytokine expression, beside restoring glucocorticoid sensitivity (370). Based on
this, SAFit2 might be a potential drug candidate for the treatment of various diseases

comprising an inflammatory component independently from their occasion.

Altogether, the involvement of FKBP51 has been identified in numerous diseases. In line with
this, the upregulation of FKBP51 was described in different pathological pain forms,
especially in neuropathic pain states. Neuropathic pain occurs after nerve lesions and is only
barely treatable due to inadequate treatment options, highlighting the need of novel targets
and potential drug candidates for neuropathic pain. In this study, it was observed that SAFit2,
the recent gold standard for targeting FKBP51, ameliorates nerve injury- and paclitaxel-
induced neuropathic pain in mice. Furthermore, it was observed that SAFit2 counteracted
neuroinflammation in both mouse models and increased pro-resolving lipid mediator levels
in peripheral nervous tissue. In summary, targeting FKBP51 with SAFit2 or future improved
analogues seems to be a promising approach for efficiently relieving neuropathic pain after
nerve injury and paclitaxel treatment. Furthermore, the influence of SAFit2 on other
neuropathic pain types seems to be promising, but has to be investigated separately, since
the underlying mechanisms of different neuropathic pain forms are divergent. However,
selectivity, pharmacological profile and bioavailability of SAFit2 have to be further optimized

in order to develop a clinical lead compound.
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List of figures

Figure 1: Nociception in physiological pain. Noxious stimuli (thermal, mechanical, or
chemical) are recognized by nociceptors at terminal endings of sensory neurons. The
respective nociceptors transduce high-threshold stimuli into electric signals via the
influx of cationic ions such as calcium. Next, the electric signal is conveyed via the cell
bodies of sensory neurons, located in the dorsal root ganglia (DRGs), to the dorsal horn
of the spinal cord. In the spinal cord, the signal reaches the first synaptic transmission
and is processed. Afterwards, the signal is further transduced via ascending fibers into
the brain to the somatosensory cortex. In the somatosensory cortex, the signal is finally
processed and converted into a protective response which is then send via descending
pathways to the executing organ. The illustration was created with images from
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Figure 2: Pain transmission in pathological nociceptive pain. Upon tissue damage,
sensitization processes such as peripheral sensitization are established to prevent the
body from further tissue damage and to enable a successful wound healing. Therefore,
resident immune cells like mast cells and macrophages release pro-inflammatory
mediators. These in turn recruit immune cells which release further mediators such as
cytokines, chemokines, and nerve growth factors. Beside immune cells, sensory neurons
additionally release mediators such as lipids and neuropeptides that contribute to the
inflammatory soup and mediate a crosstalk between neurons and immune cells. The
inflammatory soup leads to the sensitization of nociceptors and an increased calcium
response upon stimuli, resulting in an enhanced action potential firing and a
pathologically increased pain response. The illustration was created with images from
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Figure 3: Structure of the TRPV1 channel. The TRPV1 channel is composed of four
subunits building a tetramer as all members of the TRP channel family (bottom left). One
subunit of the homotetramer consists of six transmembrane domains from which
domains five and six build up the conducting pore with the respective domains of the
other subunits (top right). Both the amino and carboxy terminal of the channel are

located intracellularly and comprise six ankyrin repeat domains and a TRP box domain,
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respectively. Furthermore, several phosphorylation sites, consisting of serine and
threonine, are located along both terminal ends that can in turn be phosphorylated by
protein kinase A and C or CaMKIl. In addition, each terminal end provides a calmodulin
(CaM) binding site. The TRPV1 channel can be activated by noxious heat stimuli, protons
that act on glutamic acid residues (indicated at the extracellular loops) and capsaicin
that was proposed to bind close to the fourth transmembrane domain. The illustration

was created with images from MOtIfOliO. ... 7

Figure 4: Structure of the murine TRPA1 channel. The TRPA1 channel is composed of four
subunits that build a tetramer (bottom left). One subunit comprises six transmembrane
domains from which domains five and six build up the conducting pore with the
respective domains of the other subunits (top right). The amino terminal of the murine
TRPA1 channel consists of 14 ankyrin repeat domains and several phosphorylation sites.
Furthermore, the amino terminal comprises a suggested binding region for electrophilic
agonists. In contrast menthol was predicted to bind near the fifth transmembrane
domain. The carboxy terminal comprises predominantly a large voltage sensitive domain
and provides a calmodulin (CaM) binding site. The illustration was created with images
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Figure 5: PUFA release by the phospholipase A: from cellular membrane.
Polyunsaturated fatty acids (PUFAs) can be released by the phospholipase A2 from the
cellular membrane. Thereby, phospholipase A2 hydrolyses the second esther bond of
glycerophospholipids, liberating a lysophospholipid and a PUFA. Furthermore, PUFAs
can be converted into other PUFAs upon elongation and desaturation processes.
However, the depicted direction of PUFA conversion serves only for explanatory
purposes and does not implicate that e.g. arachidonic and docosahexaenoic acid cannot
be incorporated into cell membranes. The molecular structures were drawn with

ChemSketch and the lipid bilayer was modified and originates from motifolio.............. 14

Figure 6: Enzymatic reactions catalyzed by LOX, CYP and COX enzymes. The iron
containing lipoxygenases (LOX enzymes) generate hydroperoxyl fatty acids under
incorporation of one oxygen molecule. Cytochrome-Paso-epoxygenases (CYP enzymes)
catalyze epoxygenase and hydroxylase activities in dependency of iron ions, attaching

either an epoxide group, preferentially to the double bond closest to the amino group,
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or a terminal hydroxyl group, respectively. Cyclooxygenases (COX enzymes) catalyze the
generation of predominantly bicyclic hydroperoxides under the incorporation of two
oxygen molecules. The oxidized metabolites generated from the respective PUFA are

depicted per enzyme. The molecular structures were drawn with ChemSketch.............. 18

Figure 7: Structure of FKBP51. FKBP51 comprises a FK1 domain at the amino terminal
(brown), an FK2 domain at the center (yellow) and a TRP domain at the carboxy terminal
(green). The crystallographic structure was taken from the RSCB database (PDB-ID: 1KTO0)
and colored as well as labeled individually (306)........ccccooeeiriniinineiernreeieeeeese s 29

Figure 8: Structure of SAFit2 and SAFit2 bound to FK1 of FKBP51. (A) Molecular
structure of SAFit2 with indicated Ca which facilitates the conformational change in
FKBP51. (B) Crystallographic structure of the FK1 domain of FKBP51 bound to SAFit2.
The FK1 domain is colored in brown and SAFit2 in blue. The arrow indicates the
displacement of phenylalanine 67 (green) due to the binding of SAFit2. The molecular
structure was drawn with ChemSketch and the crystallographic structure was taken from

the RSCB database (PDB-ID: 6tXX) (372). ...t ssesss s sssasssssssasans 32

Figure 9: lllustration of aims scheduled within this thesis. To address the central question
whether SAFit2 constitutes as potential novel treatment option for nerve injury- and
paclitaxel-induced neuropathic pain, we firstly measured the mechanical hypersensitivity
of mice as neuropathic pain behavior in both neuropathic pain models after SAFit2
treatment. Furthermore, lipid levels, cytokine and chemokine levels, the number of
invading immune cells and the activation of glial cells was analyzed in dorsal root ganglia
and spinal cord samples. In addition, we investigated the sensitization state of different
pain-mediating TRP channels after SAFit2 treatment via calcium transients in primary
sensory neurons and assessed related underlying mechanisms. The illustration was

created with images from MOtIfOlIO. ... 33

Figure 10: Summary of SAFit2-mediated effects in nerve injury- and paclitaxel-induced
neuropathic pain models. SAFit2 significantly reduced mechanical hypersensitivity, a
symptom of persistent pain, in both models. Furthermore, it significantly reduced levels
of pro-inflammatory cytokines and pain-mediating chemokines in DRGs and spinal cord

of nerve-injured mice. In contrast, paclitaxel-treated mice showed an increase of anti-
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inflammatory cytokines and a decrease of pain-mediating chemokines in DRGs and
spinal cord after SAFit2 treatment. Nevertheless, SAFit2 leads to changes in the number
of activated immune cells in both models. Whereas SAFit2 decreases the invasion of
immune cells into DRGs and spinal cord in the nerve injury model, SAFit2 reduces the
activation of glial cells in the paclitaxel model. Notably, SAFit2 did not alter the number
of immune cells at the site of injury, the sciatic nerve, in the nerve injury model.
Moreover, SAFit2 counteracted an enhanced NF-kB pathway activation in DRGs and
spinal cord of nerve-injured mice. Besides this, SAFit2 seems to increase the levels of
free fatty acids as well as ceramides in both models. Furthermore, it restored the levels
of an analgesic ceramide, dihydroceramide C16, after neve injury and of anti-
inflammatory oxylipins after paclitaxel treatment. In primary sensory neurons, SAFit2
lead to the desensitization of the ion channel TRPV1 and a reduced release of the
neuropeptide CGRP. Orange arrows represent changes in the nerve injury model,
whereas blue arrows display changes in the paclitaxel model. In addition, light orange
boxes display either in vivo or ex vivo data, whereas the grey box illustrates results from
primary sensory neuron cultures. SAFit2-mediated effects that are similar in the nerve
injury- and the chemotherapy-induced neuropathic pain are printed in bold. The

illustration was created with images from mMotifolio. .......c.cocoeeeieieirinnseeeeesee 159

Figure 11: The SAFit2-FKBP51 network depicted as influencing factors of calcineurin
and TRPV1 desensitization. The influence of FKBP51 on the activity of the phosphatase
calcineurin is controversially discussed in literature. However, both the complex of
FKBP51 and FK506 as well as FK506 alone have been shown to inhibit the activity of
calcineurin, whereas SAFit2 or analogues either have no effect on the activity of
calcineurin or increased the calcineurin-mediated phosphate release. Furthermore,
calcineurin was shown to mediate the dephosphorylation and subsequent
desensitization of TRPV1 in primary sensory neurons. In line with this, SAFit2 and
analogues also showed a desensitization of TRPV1 in sensory neurons. However,
unspecific FKBP51 inhibitors as well as ddSAFit2, a chiral and biological inactive
analogue, did not. Blocking lines indicate an inhibitory effect, arrows an inducing effect
and straight lines illustrate neither an induction nor inhibition. Black lines indicate results

from literature, whereas orange lines indicate insights from this work. ........cc.cccoevuunnc.. 163
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