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Abstract

Combination therapies that target multiple pathways involved in immune rejection of transplants
hold promise for patients in need of restorative surgery. Herein, a non-interacting multiphase
molecular assembly approach is developed to crystallize tofacitinib, a potent JAK1/3 inhibitor,
within a shear-thinning self-assembled fibrillar peptide hydrogel network. The resulting
Microcrystalline Tofacitinib Hydrogel (MTH) can be syringe-injected directly to the grafting site
during surgery to locally deliver the small molecule. The rate of drug delivered from MTH is
largely controlled by the dissolution of the encapsulated microcrystals. A sing/e application of
MTH, in combination with systemically delivered CTLA4-1g, a co-stimulation inhibitor, affords
significant graft survival in mice receiving heterotopic heart transplants. Locoregional studies
indicate that the local delivery of tofacitinib at the graft site enabled by MTH is required for the
observed enhanced graft survival.
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Graphical Abstract
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Combination therapies targeting multiple pathways involved in immune rejection of transplants
hold promise for restorative surgery patients. We developed Microcrystalline Tofacitinib Hydrogel
(MTH), which can be syringe-injected directly to the grafting site to locally deliver tofacitinib, a
potent JAK1/3 inhibitor. A single application of MTH, in combination with systemic CTLA4-1g, a
co-stimulation inhibitor, affords significant graft survival in mice receiving heterotopic heart
transplants.
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1. Introduction

Transplantation is the only life-saving procedure available to patients with end-stage organ
disease. In parallel, Vascularized Composite Allotransplantation (VCA) provides a
restorative option for patients requiring the transplantation of multiple tissues as a single
functional unit like hand, knee or face. 1-3 Successful patient outcome after transplantation
correlates with effective life-long application of immunosuppressive drugs. While
calcineurin inhibitors such as cyclosporine A combined with antiproliferative agents like
mycophenolate mofetil can effectively inhibit allograft rejection, the chronic high doses of
calcineurin inhibitors given systemically cause deleterious side effects including
hypertension, hyperglycemia, nephrotoxicity, diabetes or even lymphoma. 4 ® These effects
often impose the need to use lower doses of immunosuppressants that do not properly
control rejection, resulting in graft loss in the long term (chronic rejection). This post-
transplant conundrum warrants the need to develop safer and more effective therapeutic
strategies, a result that we posit will require innovative methods of delivering drugs.

Rejection is facilitated by alloreactive T lymphocytes that are activated by a series of tightly
regulated processes.® Donor antigens bound to major histocompatibility complex (MHC)
presented from Antigen Presenting Cells (APC) provides the initial stimulus to antigen-
specific T cells through T cell receptor (TCR) binding which mediates consequent signaling
cascades. However, co-stimulation is required for T cell activation. An important co-
stimulatory T cell receptor is CD28, which binds to two partners, CD80 and CD86 expressed
on the surface of APCs. Without co-stimulation, TCR-engaged T cells become anergic.
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Further, at distinct stages of T cell response, signaling through cytokines generated from
dendritic cells and macrophages is necessary. For example, it’s been shown that CD4+ T
cells can condition dendritic cells to produce IL-12, which in turn, is required for the
development of CD8+ T cell effector function and graft rejection.” Thus, TCR signaling, co-
stimulation and cytokine signaling facilitate graft rejection and represent opportunities for
therapeutic intervention. CTLA4-Ig is a co-stimulation inhibitor that binds to CD80 and
CD86 that showed promise in primate studies®-12 and Belatacept, a second-generation of
CTLA4-1g, is being used in humans. Although Belatacept can prove beneficial, the rate of
acute rejection episodes often exceeds those of calcineurin inhibitors.13 14 Emerging
evidence is showing that the effectiveness of co-stimulation inhibitors can be hampered by
inflammatory cytokines, some of which can support alloreactive T cell activation in a CD28-
independent manner.15-24

We envision that a combination therapy involving both the inhibition of co-stimulation and
inflammatory cytokine signaling could prolong graft survival.2> The JAK/STAT pathway is
prominent in inflammatory cytokine signaling and the small molecule tofacitinib is a potent
inhibitor of Janus kinase 1 and 3, two of the four tyrosine kinases (JAK1,2,3 and TYK2) in
the pathway.28 Tofacitinib has shown promising anti-rejection efficacy in non-human
primate transplant models and in humans receiving kidney transplantation.2’-2% Unpublished
data from our lab suggest that a combination therapy of tofacitinib delivered via repeated
oral gavages synergizes with CTLA4-Ig to enhance the survival of mice receiving
heterotopic heart transplant grafts. Although promising, systemic and prolonged
administration of Tofacitinib can be problematic. In kidney transplant clinical trials,
although the drug did lead to lower incidence of rejection and better renal function as
compared to calcineurin inhibitors, it also caused higher rates of infection and occurrence of
post-transplant lymphoproliferative disorders. Retrospective analysis indicated that these
deleterious side-effects correlated with high plasma concentrations of drug and ubiquitous
biodistribution, most likely a result of frequent systemic dosing to maintain therapeutic
concentrations of the short-lived (3 h) drug.1# 30 Thus, we hypothesized that a sustained
localized delivery strategy where tofacitinib was released proximal to the transplanted tissue
would avoid systemic distribution, and in combination with systemically delivered CTLA4-
Ig might be ideal to prolong graft survival.4 31-34

There has been considerable recent interest in designing local delivery platforms for
applications in immunotherapy.35-38 For the local delivery of tofacitinib, we initially
targeted a hydrogel delivery system that could be shear-thin injected directly onto tissue
during the transplant surgery. Directly encapsulating soluble tofacitinib into such a material
would seem the most straight-forward approach. However, tofacitinib is quite hydrophilic
with a measured logP ~1.1539 and prone to rapid burst release, especially from materials
composed primarily of water. To overcome this problem, we developed a material that
contains microcrystalline deposits of drug encapsulated within an injectable hydrogel matrix
where the release profile is largely dependent on the rate limiting step of crystal dissolution,
Figure 1a. As will be shown, application of this material to transplanted heart in mice in
combination with systemically delivered CTLAA4-Ig significantly prolonged median graft
survival, Figure 1b. Parallel to the development of our material, Langer et al. recently
showed that preformed crystals of GW2580 colony stimulating factor 1 receptor inhibitor
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embedded within an alginate gel can prevent fibrosis of medical implants, further
exemplifying the utility of crystals in drug delivery.40 In general, if the gel network
minimally influences the drug of interest then the rate of dissolution of crystals within the
network will define the release profile of the therapy. In turn, the rate of dissolution depends
on crystal morphology, surface energies and defect-related microtopology.4! 42 These
features are difficult to engineer a priori but can be reliably reproduced by faithfully
recapitulating crystal growth conditions. We developed a unique method of formulation in
which small molecule crystallization and peptide assembly are non-interacting processes.
Thus, both the initial crystallization of the drug and its subsequent delivery by dissolution is
not influenced by its accompanying gel network, whose role is to deliver the
microcrystalline cargo to a tissue of interest by simple syringe injection.

2. Results and Discussion

2.1. Formulation of Microcrystalline Tofacitinib Hydrogel (MTH)

MTH is prepared by taking advantage of multiple non-interacting molecular assembly
processes that occur over different time regimes in the same pot. Peptide assembly takes
place first leading to fibril formation and gelation, which is concurrent with the rapid
aggregation of tofacitinib, which forms amorphous precipitate. Over time, the tofacitinib
solubilizes enabling its subsequent crystallization within the hydrogel’s fibril network,
Figure 1c. The hydrogel network is formed using a class of previously reported self-
assembling peptide designed to undergo triggered assembly in response to environmental
cues.#3-45 For example, Peptides 1, 2 and 3 can be triggered to assemble by the addition of
buffer to increase the solution pH and ionic strength, which decreases intramolecular charge
allowing self-association to take place. Increasing the solution temperature also facilitates
assembly by driving the hydrophobic effect.#6 Ultimately, a physically crosslinked network
of fibers is formed constituting the formation of the gel. Within each fiber, peptides
assemble into a bilayered cross p-structure, individually adopting a p-hairpin conformation.
47 Figure 2a visually shows the time-dependent process of MTH formulation, which is
initiated by the addition of a tofacitinib buffered solution containing DMSO to an aqueous
solution of unfolded peptide 1 at 5 °C. The sample is then allowed to warm to 37 °C.
Although most crystalline deposits are micron in size, some larger clusters can be visually
observed. This process can be monitored by following the change in transmittance at 700 nm
of the sample as a function of time, Figure 2b. Tofacitinib precipitation is immediate leading
to gross light scattering, which resolves over about 25 minutes as the amorphous drug
aggregates solubilize. Crystallization then occurs over the next 4-5 h finalizing MTH
preparation. Transmittance during the formation of the gel network alone (minus tofacitinib)
shows that the gel phase is nearly transparent. Differential Interference Contrast (DIC)
microscopy clearly shows the formation of micron-sized bundled crystals of tofacitinib
(Figure 2c) whose needle-like morphology is similar to crystals of the drug grown in the
absence of hydrogel, Figure S1. The tofacitinib deposits are birefractive under polarized
light and generate second harmonics indicating that the chiral molecule has formed non-
centrosymmetric crystals, Figures 2d,e. The encapsulation efficiency using this procedure is
100%.
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A combination of microscopy, scattering and rheology experiments were conducted to
further investigate the time-dependent assembly events underlying the formation of MTH.
We were especially interested in whether the presence of tofacitinib influences the formation
of peptide fibrils and/or the formation of the fibrillar hydrogel network. Figure 2f shows
TEM of peptide fibrils isolated from MTH. Their local morphology, including measured
fibril widths (~3-3.5 nm) were similar to those of fibrils formed in the absence of drug
(Figure S2) and consistent with the previously determined solid state NMR structure of
fibrils formed by another member of this class of self-assembling peptide.*’ Figure 2g shows
Small Angle X-ray Scattering (SAXS) profiles for both peptide 1 gel alone and MTH
containing tofacitinib as well as their corresponding power law fits in the intermediate q
region. Both have similar slopes of ~-1 indicating the formation of rod-like objects (fibrils)
and a modified Guinier analysis (Figure 2h) provide similar values of cross-sectional radii of
gyration (Rgc = 6.1 and 7.6 A). Close examination of the higher Q region shows a broad
peak for both samples at q = 0.282 A~1 and sharper peaks at 0.564, 0.846, and 1.128 A1 in
a ratio of 1:2:3:4, indicating a periodic spacing of 2.2 nm which corresponds to the height of
a bilayer of p-hairpins that have assembled into an extended cross B-structure that has
laminated, Figure S3. SAXS and Wide Angle X-ray Scattering (WAXS) show a peak at
1.334 A=1 for both samples, corresponding to a d-spacing of 4.7 A, the distance between the
B-strands of the sheet-rich fibrils, Figure S3 and S4. The evolution of the fibril network of
MTH was next examined by oscillatory rheology. Figure 2i shows time-sweep data
monitoring the formation of MTH over the initial 50 minutes of its formation. Within this
time regime, the fibril network of the gel has developed, but tofacitinib has yet to crystallize
(Figure 2b). MTH initially forms a moderately stiff gel (~500 Pa) within 10 minutes whose
rate of formation and modulus closely resembles peptide 1 gel alone. This indicates that the
presence of tofacitinib does not influence the formation of the fibril network defining the
gel. Over ~24 h both MTH and the control gel stiffen considerably (~4000 Pa, Figure S5).
Figure 2j shows time-sweep shear thin-recovery data for MTH at 24 h. After the initial 10
minutes, a large strain (1000%) is applied for 30 seconds to thin the material, which is
subsequently allowed to recover. The data show that MTH demonstrates shear-thin recovery
behavior to nearly the same extent as peptide 1 gel alone, indicating that the crystalline
tofacitinib minimally influences the recovery properties of MTH. Thus, as will be shown,
MTH has rheological properties suitable for syringe delivery. Taken together, the TEM,
scattering, rheological data and similar morphologies of crystals grown in the absence or
presence of gel indicate that tofacitinib crystallization does not influence peptide self-
assembly, the local morphology of the resulting fibrils, nor the evolution of the fibril
network and vice versa.

2.2. Ex Vivo Tofacitinib Release From MTH

The rate of tofacitinib release from MTH is designed to be largely governed by the rate of
dissolution of the microcrystalline deposits encapsulated within the fibril network. We tested
this assertion by studying the influence of drug loading, the composition of the gel-forming
peptide, and the formulation process in the context of tofacitinib release. Figure 3a shows
that the release profile is profoundly dependent on the final concentration of drug loaded. At
concentrations below 3.2 mM, tofacitinib is unable to crystallize, remaining soluble during
formulation. As a result, it is burst-released from the gel network within several hours. In
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contrast, at concentrations > 6.4 mM, crystalline deposits are formed, and the release is
slowed in a concentration-dependent manner, consistent with crystal dissolution being rate-
determining. The highest loading concentration studied (16 mM) provides a sustained
release of its payload over a week. The final volume percent of DMSO used in preparing
MTH also influences the release rate, Figure 3b. At values < 10% DMSO, there is little
effect of solvent. However, at greater values, drug is released more quickly suggesting that
DMSO greatly aids in the solubilization of the microcrystalline deposits hastening its
diffusion out of the gel. Rate values derived over the first 4 h show a similar trend, Figure
S6. Next, the effect of the composition of the self-assembling peptide was studied. Peptides
1, 2, and 3 differ both in their overall amphiphilicity and charge state at physiological pH,
characteristics imbibed to the fibril networks that they form. Peptides 1, 2 and 3 carry formal
charges of +7, +9, and +5 per monomer at neutral pH. These electrostatic differences are
greatly magnified in the gel state, which is composed of charged fibrils containing
millimolar amounts of self-assembled peptide. With respect to amphiphilicity, peptides 1 and
2 are quite similar, but peptide 3, which incorporates two leucine residues at positions 2 and
19 at the expense of lysine differs considerably. Gels formed by peptide 3 carry significantly
less charge and are more hydrophobic.

Thus, if tofacitinib was interacting with the network to any great extent hydrophobically or
electrostatically, either in an attractive or repulsive manner, then a deviation in release profile
should be observed amongst the different peptide gels. Figure 3¢ shows very similar release
profiles for the three gels indicating that the drug, in fact, does not interact significantly with
the gel network. Finally, we measured drug release as a function of the formulation process.
Three distinct MTH gels were prepared where the drug was added before, during and after
peptide self-assembly, Figure S7. The release profiles of the resulting materials were nearly
identical suggesting that again, peptide self-assembly nor the existence of the resulting
fibrillar network influences the process of tofacitinib crystallization to any great extent since
the subsequent rate of crystal dissolution is not affected. The similar rates also highlight the
flexibility of the formulation process in that tofacitinib crystallization can be induced at any
time during the production of MTH. Taken together, these experiments show that tofacitinib
release is largely dependent on the rate of crystal dissolution and not the exact nature of the
peptide gel nor its formulation history. Although defining the exact mechanism of crystal
dissolution is beyond the scope of this paper, it is most likely a combination of surface-
kinetic and mass-transport controlled processes as is the case with most small molecule and
inorganic crystals.48: 49

Lastly, although the formulation process of MTH is quite flexible, the exact molecular form
of tofacitinib is very important. All of the properties of MTH discussed thus far are
dependent on using the free base of the drug for material preparation. For example,
transmittance spectroscopy and interference contrast microscopy show that the commercially
available citrate salt of tofacitinib is unable to form microcrystalline deposits within the gel,
Figure S8a,b.TEM shows that the citrate analog results in fibril coarsening and SAXS shows
that the gel network structure is altered, providing a power law fit of -1.4, which is more
consistent with forming mass fractals than rods, Figure S8c,d. It is likely that the negatively
charged citrate counter ions partition to the positively charged fibrils to induce fibril
clustering. Finally, because the citrate salt of tofacitinib does not form microcrystals, it is
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rapidly released from the gel, Figure S8e. Considering that the adaptive immune response
peaks for allotransplant rejection at around 3-10 days, a final formulation of MTH
comprising 16 mM tofacitinib, 5% (v/v) DMSO and 1% (w/v) peptide 1 was chosen, which
can provide delivery of drug over this time regime. Peptide 1, as opposed to peptides 2 or 3,
was chosen for further study because it affords the most mechanically rigid hydrogel with
encapsulated tofacitinib, Figure S9.

2.3. Invitro immune modulatory properties of MTH

In vitro experiments were first conducted prior to animal studies to ensure that MTH could
release biologically active tofacitinib. Non-selective JAK inhibitors are known to affect both
the development of monocyte-derived dendritic cells and their activation.?%: 51 Figure 4
shows results from an experiment in which the activation of bone marrow-derive dendritic
cells (BMDCs) was monitored as a function of material composition. After 5 days of
culture, cells are exposed to different amounts of MTH or gel alone for 24 h followed by
lipopolysaccharide, a Toll-like receptor 4 ligand and stimulant. BMDC activation was
assessed by following CD80, CD86, and MHCII expression. LPS exposure resulted in the
upregulation of all the markers, which were markedly countered by the presence of MTH.
CDB80 and CD86 levels returned to nearly basal levels. MHCII levels were also affected but
to a lesser extent, an observation consistent with recent findings showing that soluble
tofacitinib only moderately influences MHCII expression (Raimondi, manuscript in
preparation). In contrast to MTH, the application of gel alone had little effect on BMDC
activation. Thus, MTH is capable of delivering enough tofacitinib at both applied volumes
studied here to inhibit the stimulatory capacity of mouse antigen presenting cells.

2.4. Invivo properties of MTH and potential to modulate transplant rejection

We first assessed the bioresorptive capacity of MTH by ultrasound after subcutaneous
injection into immune competent C57BL/6J mice. Figures 5a,b show that the implanted
material is degraded over time with about 50% of the gel remaining after two weeks.
Importantly, this time frame is compatible with the targeted time regime for tofacitinib
delivery (~ 10 days), Figure 3a. Again, immune response peaks at around 3-10 days for
allotransplant rejection. The data also show that the gel alone (no tofacitinib) degrades in a
similar time frame as does MTH in mice receiving an IP regimen of CTLA4-1g.This
indicates that neither tofacitinib nor CTLAA4-Ig influence the resorptive processes leading to
MTH’s degradation. Immune cell inflation was monitored histologically at the implant site
to gain insight into the mechanism of degradation and to establish a baseline for the immune
response to MTH in the absence of an allotransplant. Figure 5¢ shows sections taken through
the implanted MTH and surrounding normal tissue. MTH stains light pink in all the images.
At day 1 (d1), there is a detectable level of neutrophils that have infiltrated the periphery of
the implanted materials of all three groups: MTH, gel alone and MTH + CTLA4-Ig.
However, in mice receiving MTH there are fewer neutrophils than the gel alone group and
strikingly few neutrophils in the MTH+CTLA4-1g group. At d10, the striking difference in
immune cell infiltrates is lost. Neutrophils can be found nearly throughout all of the
implanted materials with macrophages localized mainly at the periphery of each of the
material implants. At d30, all the groups appear histologically similar with scattered small
clusters of neutrophils accompanying large numbers of macrophages that are found
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throughout each of the injection sites. Some of the macrophages appear enlarged,
presumably from phagocytosing the peptide gel. There were no signs of significant B cell
nor T cell infiltration into the material and no signs of toxicity in the surrounding tissue.
Taken together, the ultrasound and histology show that MTH is biocompatible with
degradation taking about a month by phagocytosis. Locally delivered tofacitinib, alone or in
combination with CTLA4-Ig dampens initial neutrophil response, but not macrophage
activity.

We next assessed the efficacy of the combination therapy in a mouse heterotopic heart
transplant model, Figure 6a—c. Here, the heart of a BALB/c mouse is transplanted into the
neck of a C57BL/6J recipient, a full MHC mismatched combination where the graft is
typically rejected on post-operative day 7 (POD 7) if left untreated. Surgical dissection of
the lateral neck of the recipient mouse exposes the common carotid artery and external
jugular vein, and cuff- based anastomosis of the heart transplant follows. After the vessel
clamps are removed and the heart perfused, MTH or control gel alone is applied to fill the
entire graft pocket before fully closing the animal. As expected, animals receiving
monotherapy MTH or gel alone are characterized by a median graft survival time (MST) of
7 days, Figure 6d. Intraperitoneal (IP) administration of monotherapy CTLA4-Ig on POD 0,
2, 4 and 6 prolongs graft survival to an MST of 35 days. Gratifyingly, combination therapy
of MTH applied once locally to the graft along with CTLA4-Ig given IP at the same
schedule as the monotherapy resulted in significant extension of graft survival to 125 days.
The local application of MTH is necessary to delay rejection. If the combination therapy is
given where MTH is administered to a location distant from the graft, for example at the
base of the tail, the MST drops back down to 35 days, the value of CTLA4-1g monotherapy.
This suggests that tofacitinib stays localized to the implantation site of MTH. We tested this
assertion by measuring the amount of tofacitinib in plasma by LCMS" as a function of time
after MTH was introduced subcutaneously. Figure 6e shows that only a very small amount
(<1%) of the administered tofacitinib partitions to the plasma at early times, which decreases
to a steady state near the detection limits (~ 2 ng/mL) of the analysis. Thus, nearly all of the
drug remains at or near the injection site. Lastly, histological analysis of transplanted heart
isolated from animals on POD21 receiving combination therapy (MTH +CTLA4-Ig, Figure
6f/g) versus CTLAA4-1g only (Figure 6h/i) was performed. Grafts that received combination
therapy contained a large number of pericardial acidophilic engorged macrophages, similar
to that observed in Figure 5¢, most likely due to the presence of the MTH gel. Importantly,
mice receiving combination therapy presented with less inflammation with respect to
lymphoid/mononuclear infiltration of the epicardium and myocardium compared to the
CTLA4-1g monotherapy group. The combination therapy group also presented less
pericardial collagen. Since MTH does not elicit a lymphocytic response on its own, the
relative number of infiltrating lymphocytes at the graft is a good indicator of the efficacy of
the combination therapy at limiting inflammation, which is consistent with the observed
enhanced graft survival in Figure 6d.

3. Conclusion

A combination therapy of CTLA4-Ig delivered by IP and tofacitinib delivered locally by a
single application of MTH significantly enhances graft survival in a murine heterotopic heart
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transplant model. Targeting two essential pathways in graft rejection, co-stimulation and
cytokine signaling, proved effective and was enabled by a new microcrystalline formulation
of tofacitinib. MTH is shear-thin injectable facilitating its application directly to grafts
during surgery, is biocompatible, non-inflammatory and biodegradable. Importantly, the self-
assembled, peptide-based gel accommodates the crystallization of tofacitinib within its
network during material formulation and subsequent crystal dissolution enabling retarded
release. It's important that the hydrogel and drug be non-interacting so that the rate of drug
release is largely dependent on crystal dissolution. Using other injectable materials such as
PLGA particle formulations may be complicated since their hydrolytic degradation and
release profiles are heavily dependent on the identity of the encapsulated drug.52 Since the
release rate of tofacitinib is largely dependent on the rate of crystal dissolution there is an
opportunity to utilize crystal engineering to further control drug release. Although not
explored in this current work, developing crystal growth conditions within the gel network to
control final crystal morphologies, underlying surface energies, and defects that impact
dissolution and thus control drug release is an exciting possibility.>3 Additionally, inclusion
of the biologic CTLA4-Ig in a shear-thin injectable MTH represents an exciting parallel area
of investigation — at both the engineering and immunological levels — that could potentially
maximize therapeutic efficacy while minimizing the manifestation of side effects. Lastly,
this material platform can be extended to other small molecule immune modulators that
specifically affect other players in graft rejection.

4. Experimental Section

4.1. Synthesis

Peptides were synthesized using Fmoc-based solid phase peptide synthesis strategy with
RINK amide resin and HCTU activation. Resin-bound dry peptide was cleaved and side
chain protecting groups were removed using cleavage cocktail of TFA/thioanisole/
ethanedithiol/anisole (90:5:3:2) for 2 h under Argon atmosphere. After diethyl ether
precipitation, crude peptides were purified via RP-HPLC using a preparative Vydac C18
peptide column with a flow rate of 8 mL/min. Standard A (0.1% TFA in water) and Standard
B (90% acetonitrile, 9.9% water, 0.1% TFA) were used as elutants. Analytical HPLC
chromatograms and ESIMS spectra of the purified peptides are provided in supplementary
data (Figures S11 and S12, respectively).

4.2. Preparation of MTH and tracking the crystallization process

Peptide stock solutions (2%, w/v) were prepared in glass vials by dissolving 1 mg of peptide
in 50 pL of chilled sterile water. Tofacitinib free base (LC Laboratories) stock solution was
prepared in spectrophotometric grade DMSO with a final concentration of 100 pg/uL.
Required volume of drug stock solution was added into a chilled solution of HEPES
Buffered Saline (2X HBS, 50 mM HEPES, 300 mM NaCl, pH 7.4) to make the final volume
as 50 uL. At this point, mixing of the resulting suspension was deliberately avoided. Peptide
solution was transferred into the suspension, and samples were mixed to initiate
hydrogelation. This resulted into MTH (Microcrystalline Tofacitinib Hydrogel) consisting of
1% (w/v) peptide in a final total volume of 100 L. Tofacitinib was loaded to the final
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concentrations of 1.6, 3.2, 6.4 and 16 mM in MTH. MTH samples were placed in an
incubator at 37 °C.

To spectroscopically monitor the crystallization process within the MTH, the samples were
prepared as described above. 180 pL of the suspension was transferred to disposable ultra-
micro cuvettes (BrandTech Scientific, Inc.) immediately after the addition of the peptide
solution. The absorbance of the MTH samples was measured at 700 nm using a UV-VIS
spectrophotometer (Agilent 8453) at 5, 25, 300 and 1500 minutes after the initiation of
hydrogelation. %Transmittance (%T) was derived from the absorbance values using the
equation: log(%T) = 2 - Absorbance.

4.3. Characterization of MTH

MTH samples were stored at 37 °C after preparation. The samples were characterized with
confocal microscopy, polarized microscopy, second harmonic generation and transmission
electron microscopy after one day.

4.3.1. Microscopy—~For Confocal Microscopy, 10 uL of the MTH was placed on a glass
slide, covered with a cover slip and sealed with nail polish. Differential Interference Contrast
(DIC) channel of a confocal microscope (Zeiss LSM 710) was used to characterize the
tofacitinib crystals suspended in the MTH matrix as well as the crystals formed in the
absence of the MTH hydrogel.

For Polarized Light Microscopy, MTH samples were dispensed into the sample well of a
crystallization plate (Swissci/MRC UV-XPO) and imaged using a Rock Imager
(Formulatrix) by cross-polarized visible light. Second Harmonic Generation (SHG) images
were also acquired similarly.

For Transmission Electron Microscopy (TEM), MTH samples were diluted 100X with water
and 5 pL the solution was applied to 200 mesh carbon-coated copper grids (Electron
Microscopy Sciences). The sample was applied for 30 s and blotted with a filter paper.
Aqueous uranyl formate (0.75%, w/v) was used for negative staining. Images of the fibril
nanostructure were acquired on a Hitachi 7650 transmission electron microscope at 80 kv
accelerating voltage.

4.3.2. Small-Angle X-ray Scattering and Wide-Angle X-ray Scattering—The
hierarchical structures of the hydrogels were studied by simultaneous small-angle X-ray
scattering (SAXS) and wide-angle X-ray scattering (WAXS) techniques at beamline 12I1D-B
of Advanced Photon Source, Argonne National Laboratory. Photon energy was 13.3-KeV
and sample-to-detector distance was set in a way that g ranges in SAXS and WAXS are
overlapping and achieve a total range of 0.0045 < q < 2.66 A-1, where q = (4n/A)sin®, and
260 is the scattering angle. The 2D scattering patterns were recorded with Pilatus 2M detector
for SAXS and Pilatus 300K detector for WAXS with exposure time of 0.1s while the
samples were scanned vertically and horizontally at 100 um increments. Twenty-one 2D
scattering images were collected for each sample in vertical and horizontal scans,
respectively. The 2D images were reduced to 1D scattering profiles using the Matlab
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software package at the beamline. The 1D SAXS and WAXS profiles were grouped by
samples and averaged.

4.3.3. Dynamic Oscillatory Rheology—The gelation process of the MTH and
Peptide 1 gel alone was monitored using dynamic oscillatory rheology. 150 uL of a 2%
(w/v) peptide 1 solution was first prepared by dissolving Peptide 1 in chilled sterile water.
Required volume of Tofacitinib stock solution in DMSO was added into a chilled solution of
HEPES Buffered Saline (2X HBS, 50 mM HEPES, 300 mM NacCl, pH 7.4) to make the final
volume as 150 pL. The peptide solution was then added to the drug suspension, mixed
together and transferred quickly to the rheometer (AR G2, TA instruments) plate, which was
pre-equilibrated at 5 °C. The parallel plate tool (25 mm diameter) was then lowered to a gap
height of 0.5 mm and the temperature was increased linearly to 37 °C to initiate gelation.

Shear-thinning and recovery ability of the samples were measured on the MTH and the
Peptide 1 gel alone, 24 h after preparation. 100 pL of the samples were prepared in
flexiPERM® chambers (Greiner Bio-One) and after 24 h, the samples were transferred to
the center of the rheometer plate (pre-equilibrated at 37 °C). The upper geometry (8 mm
diameter) was lowered to a gap height of 0.5 mm. A dynamic time sweep was first
performed to measure the storage (G’) modulus at a frequency of 6 rad/s and 0.2% strain as
a function of time for 10 minutes. This was immediately followed by the application of
1000% strain at a frequency of 6 rad/s for 30 s. To monitor the recovery ability of the
samples after shear, another dynamic time sweep (6 rad/s, 0.2% strain) was performed for 10
minutes. The linear viscoelastic range for the time sweep experiment was verified by
performing a dynamic frequency sweep (0.1 to 100 rad/sec at 0.2% strain) which was
followed by a dynamic strain sweep (0.1 to 1000% strain at 6 rad/sec) step.

4.4. Exvivo drug release

For determining the release of tofacitinib from the MTH as a function of the drug
concentration, DMSO stock solutions of tofacitinib were prepared at a range of
concentrations so that the ratio of DMSO and 2X HBS could be maintained at 5% (v/v)
during MTH preparation while allowing for varying the concentrations of the drug within
the MTH. To determine the release of tofacitinib as a function of DMSO volume, volume
ratio of DMSO and 2X HBS during MTH preparation was varied while keeping the final
total volume of the MTH at 100 pL. In each case, concentrations of DMSO stock solutions
of tofacitinib was adjusted in a way that would allow for maintaining a final tofacitinib
concentration of 16 mM within MTH. MTH samples composed of 16 mM tofacitinib and
1% (w/v) peptides were prepared using Peptide 1, 2 and 3 to determine the influence of the
peptide on the release rate of tofacitinib. In each case, MTH samples were prepared in glass
vials, tightly wrapped with parafilm and stored at a 37 °C incubator. 1 mL of 1X HBS (25
mM HEPES, 150 mM NacCl, pH 7.4) was added to the top of gel after 24 h and the vials
were agitated at 37 °C (70 rpm). At scheduled time points, the entire volume of buffer above
the gel was removed and replaced with fresh buffer. Drug concentration was determined for
each removed aliquot as a function of time by measuring absorbance at 290 nm in a UV-VIS
spectrophotometer (Agilent 8453) with a standard curve constructed under similar
conditions.
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4.5. Invitro immune modulatory properties of MTH

Peptide 1 gel alone and MTH comprising 16 mM tofacitinib, 5% (v/v) DMSO and 1% (w/v)
peptide 1 was prepared in syringes equipped with 27G needles. MTH and gel alone were
syringe-injected into Corning® Transwell® microporous membrane inserts (8 um) for
transferring 12 puL and 50 puL gels in each group. The inserts were placed onto a 24-well
plate seeded with murine bone marrow-derived dendritic cells (BMDCs). The cells were
seeded in 24-well plate (2X10° cells/mL per plate) on Day 0, with the addition of the MTH
and Peptide 1 gel alone onto transwell inserts on Day 6. BMDCs were stimulated with LPS
(Enzo, Lot # 02261813) at 200 ng/mL on Day 7 for overnight, collected on Day 8, and
stained with anti-CD11c-FITC (N418, eBioScience), anti-CD80-APC (16-10A1,
BioLegend), anti-CD86-eF450 (GL1, eBioscience), and anti-MHCI1-eF710 (M5/114.15.2,
eBioScience) antibodies. The expression levels of these maturation markers were measured
on a BD LSRII flow cytometer and the data were analyzed using FlowJo software (version
10.5.3, TreeStar) by gating on CD11c+ single cells.

4.6. Invivo studies

All animal protocols were approved by the institutional animal ethics committees at NCI
Frederick and Johns Hopkins University School of Medicine. 6-8 weeks old C57BL/6J and
BALB/c mice were raised in a specific pathogen-free environment.

For animal experiments, Peptide 1 was first decontaminated of any possible endotoxin by
loading 5-6 mL of the peptide solution (at 10mg/mL) prepared in sterile water to an
endotoxin removal spin column (Pierce, Rockford, IL). The peptide solution was retrieved
by centrifugation after shaking for 2 h at 4 °C. The resin was repeated washed and the
solution was lyophilized to collect the peptide. Endotoxin levels were tested using a LAL
chromogenic endotoxin quantification kit (Pierce, Rockford, IL). Endotoxin levels across
different batches of the peptide were routinely found to be below detection level. For
preparing MTH, an equal volume of Tofacitinib suspension in 2X HBS was mixed
thoroughly with an aqueous solution of a 2% (w/v) Peptide 1 in a glass vial and the
suspension was quickly drawn into a sterile 27-gauge syringe. The resulting MTH was
stored at 37 °C for 24 h before administration.

4.6.1 Ultrasound imaging—All Animal studies were performed according to the
Frederick National Laboratory for Cancer Research (Frederick, MD) Animal Care and Use
Committee guidelines. 150 pL of MTH composed of 16 mM tofacitinib and 1% (w/v) of
Peptide 1 was subcutaneously administered on the lower back of 6-8 weeks old C57BL/6J
mice (n = 5), Charles River Laboratories International, Inc., Frederick, MD) on Day 0. A
separate group of mice was similarly administered with Peptide 1 gel alone (n = 5) at the
same time. The mice in the third group (n = 5) were intraperitoneally administered with
CTLA4-Igon Day 0, 2, 4 and 6 (500 ug per injection) in addition to receiving
subcutaneously administered MTH (150 pL, composed of 16 mM tofacitinib and 1% (w/v)
of Peptide 1) on the flank on Day 0. Hydrogel degradation was evaluated by performing
serial B-mode ultrasound imaging using the Vevo2100 preclinical scanner (VisualSonics
Inc., Toronto, CA\) at days 3, 5, 7, 9, 14 and 17 post injection. 3D ultrasound volumes were
acquired with the MS 550S (40 MHz; 40 um axial image resolution) linear array transducer
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with a step size of 0.076 mm while keeping the animal in the prone position. Prior to
imaging, fur was removed around the imaging area by manual shaving followed by the
application of depilatory cream. Ultrasound gel was then applied on the skin for impedance
matching during imaging. Mice were anesthetized in the induction chamber with 3%
isoflurane with filtered (0.2 um) air at 1 liter/minute flow rate for 3-4 minutes and then
modified for imaging to 2% with O, as a carrier with a flow rate 1 liter/minute. Animal body
temperature was maintained at 37 °C (heated platforms) during all phases of the experiment;
anesthesia induction, imaging, and post procedure recovery. The hydrogel 3D volumes were
calculated for each time-point using the parallel contour algorithm (Vevo LAB software ver.
1.7.1, Visual Sonics Inc., Toronto, CA).

4.6.2. H & E staining—After ultrasound imaging at specific time points, mice were
euthanized by CO, asphyxiation and skin tissue were collected from area at the vicinity of
hydrogel injection. Collected tissues were fixed in 10% neutral buffered formalin for 24 h
and processed to paraffin in graded alcohols. Sections of 5 um thickness were generated
from paraffin-embedded tissues which were then stained with hematoxylin and eosin for
histopathological examination.

4.6.3. Heterotopic heart transplant—C57BL/6J mice were transplanted with a heart
from BALB/c donors. Prior to final closure of the surgical dissection, 150 L of Peptide 1
gel alone or MTH (composed of 16 mM tofacitinib) was syringe-injected to fill the entire
graft containing pocket. A control group of transplanted animals was prepared by injecting
150 pL of the MTH at a satellite location (base of the tail). Specific groups of mice (with or
without the MTH) received intraperitoneal administration of CTLA4-1g on POD (post-
operative day) 0, 2, 4, and 6 (500 pg per injection). Graft survival was then assessed over
time via manual palpation, and rejection was defined as complete cessation of cardiac
contractility.

4.6.4. Pharmacokinetics—Mice were injected with 150 uL of the MTH in the same
location as describe above while the mice did not bear any transplant. Blood was collected at
2, 4, 24 and 48 h after administration. Ruxolitinib internal standard was added with thorough
mixing to either a 100-pL aliquot of plasma, or to 50 pL plasma diluted with an equal
volume of LC/MS-grade water, to achieve a final concentration of 100 ng/mL. Plasma
proteins were removed by precipitation with 4X volumes of LC/MS-grade acetonitrile. After
vortexing, the plasma-CH3CN mixture was centrifuged at 14,000 X g for 15 min, and the
supernatant solution transferred to a clean Eppendorf tube. The deproteinized extract was
evaporated to dryness under UHP nitrogen while maintaining the sample at 30°C. The
resultant residue was dissolved in 100 pL LC-MS grade H,O with vortexing and sonication
followed by centrifuging for 5 min. The aqueous extract was then transferred to a 2-mL
autosampler vial equipped with a low volume glass insert and analyzed as described above.
After determination of plasma drug concentrations, pharmacokinetic modelling and data
analysis was carried out using GraphPad Prism (\Version 7.01).

Tofacitinib concentrations in mouse plasma were measured using a high-resolution
LC/MS/MS method. Plasma extract components were separated on an Accela 600 HPLC
system equipped with an autosampler using a narrow-bore column system consisting of a 2.1
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X 100 mm, 3.5-um Zorbax SB-C18 analytical column preceded by a 2.1 X 12.5 mm guard
cartridge of the same type. This column system was operated in an 18-min cycle using
elution at 250 pL/min with a 12-min 2-90% acetonitrile/water/0.1% formic acid gradient
followed by a 6-min mobile phase reset and column equilibration. In this analytical HPLC
system, tofacitinib and ruxolitinib internal standard had retention times of 3.25 + 0.05 min
and 5.05 + 0.05 min, respectively. Following an initial 2-min eluent divert to waste, the
entire column eluant was directed into the mass spectrometer ion source.

An LTQ-Orbitrap-XL LC/MSn system equipped with an lon Max electrospray ionization
ion source was operated in scanning mode for sequential MS and MS/MS analysis at
resolutions of 15,000 and 7,500, respectively. lon trap helium collision-induced-dissociation
(CID) for MS/MS was carried out on the MH+ of tofacitinib and ruxolitinib internal
standard using a mass selection window set to encompass the full isotopic profile of these
compounds. This approach generated a full scan (m/z 100 — 750), high-resolution record of
the primary MS and a full, high-resolution MS/MS (MS2) spectrum of the CID
fragmentation of the selected MS1 ions. Instrument operation and control as well as data
extraction and analysis were carried out using Xcalibur software (version 2.1.0, SP1). The
tofacitinib MH+ (m/z 313.1771) and its CID fragmentation to CL3H20N5+ (m/z 246.1713)
and to C7THIN4+ (m/z 149.0821) as well as the ruxolitinib MH+ (m/z 307.1666) and its
decomposition to C9H8N5+ (m/z 186.0774) were chosen as ions to use for quantitative
measurements. High-resolution extracted ion chromatograms were generated for ions of
interest using an m/z window of 10 ppm (typically less than + 3 mDa). Tofacitinib and
internal standard peak areas were integrated, and MS1 and MS2 peak area ratio calibration
curves were constructed for the appropriate concentration ranges to allow determination of
unknowns. For the lowest concentration range (0-100 ng/mL), the limit of quantitation for
tofacitinib in 100 pL plasma was 2 ng/mL. Under the same analysis conditions, the limit of
detection exceeded 0.3 ng/mL.

4.7. Statistical Analyses

Mice were randomly divided into groups. Data are expressed as mean + SD except for the
ultrasound imaging experiment where the data represents mean + SEM. Statistical analysis
to compare in vitro data between two groups was performed using two-tailed Student’s t-
tests, and log-rank test analysis determined differences in transplant survival. GraphPad
Prism 7.0 or 8.0. software was used for data analysis and p < 0.05 was considered
statistically significant. Significance is denoted as * for p< 0.05, ** for p< 0.01.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Schematic of MTH comprised of microcrystalline deposits of tofacitinib encapsulated

within a fibrillar hydrogel network of self-assembled peptide. Crystal dissolution governs
the release of the drug which inhibits JAK1/3 in the JAK/STAT pathway (b) MTH applied
locally to a heterotopic heart transplant along with the intraperitoneal (IP) systemic
administration of CTLA4-Ig significantly inhibits rejection. Distal application of MTH in
the same model has no affect. (c) Temporal molecular events leading to the formations of
MTH. Triggered peptide self-assembly occurs concurrently with rapid Tofacitinib (Tofa)
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aggregation. As the gel’s fibril network nears completion, Tofa aggregates solubilize and the
drug subsequently crystallizes. The sequences of the gelating peptides used in this study are
shown.
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Figure2.

(a) Visual change in phase behavior during the formation of MTH. (b) Transmittance as a
function of time monitored during MTH formation compared to peptide 1 gel alone. (c) DIC
micrograph of tofacitinib microcrystals within MTH (magnified in inset). Polarized
microscopy (d) and second harmonic generation (e) of MTH showing crystalline nature of
deposits. (f) TEM of peptide 1 fibrils isolated from MTH, scale bar (100 nm). Inset shows
measured fibril widths (n = 25). (g) Power law fit of SAXs data for MTH and gel alone and
(h) modified Guinier analysis deriving similar cross-sectional radii of gyration values. (i)
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Time-sweep oscillatory rheology of MTH comprising 16 mM tofacitinib, 5% (v/v) DMSO
and 1% (w/v) peptide 1 compared to peptide 1 gel alone (1% w/v), frequency = 6 rad/s,
strain = 0.2%. (j) Time-sweep shear thin-recovery oscillatory rheology of MTH and peptide
1 gel at 24 h. MTH in this Figure comprises 16 mM tofacitinib, 5% (v/v) DMSO and 1%
(w/v) peptide 1.
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Figure 3.
(a) Cumulative release of tofacitinib from 1% (w/v) peptide 1 gel containing 5% (v/v)

DMSO as a function of loading concentration. Only at [Tofacitinib]= 6.4 mM are
microcrystalline deposits formed. (b) Cumulative release of tofacitinib from MTH composed
of 16 mM tofacitinib, 1% (w/v) peptide 1, and varying amounts of DMSO. (c) Cumulative
release of tofacitinib from gels comprising 16 mM tofacitinib, 5% (v/v) DMSO and 1%
(w/v) peptide 1, 2 or 3. Release into an infinite sink (25 mM HEPES, 150 mM NaCl, pH
7.4) at 37 °C was monitored for each experiment. Lines are provided to guide the eye.
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Figure 4.
MTH-released tofacitinib inhibits BMDC activation. The indicated volume of MTH or gel

alone was added via transwell inserts to the culture plates containing BMDCs followed by
LPS. Cell activation was measured via (a) CD80, (b) CD86, and (c) MHCII expression
levels.
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Figure5.
(a) Bioresorption of subcutaneously injected MTH (16 mM tofacitinib, 5% (v/v) DMSO and

1% (w/v) peptide 1), 1% (w/v) peptide 1 gel alone, and MTH co-administered with CTLA4-
Ig delivered IP monitored by ultrasound at d3, 7, 17. (b) Quantitation of echograms at d3, 5,
7,9, 14, and 17 (n = 5). (¢) H&E staining of tissue sections taken at d1, 10, and 30 post
injection from C57BL/6J mice that received a single subcutaneous injection of MTH, gel
alone, and MTH co-administered with CTLA4-Ig delivered IP. The injection sites are
outlined by yellow dash.

Small. Author manuscript; available in PMC 2021 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Majumder et al.

d )
120- e Gel alone §
— 100 L MTHLocaI
g 851 | + CTLA4-Ig alone 2 8
£ \ s MTHpjga+ CTLA4-lg  .§ 5
S 60 ™4 MTHpea + CTLA4-lg G 43
D 40, 5 <
= L o .=
°7 20 & 'g
o+e—— ——— — <
0 40 80 120 160 x

Days post-transplant

Figure®6.

0.304
0.201
0.101

0.001

N/l
SyP=N

Page 26

H

Tofacitinib (MH™)

O
A

=

720

1440 2160

Time (min)

(a) Dissection of the lateral neck of the recipient mouse to isolate the common carotid artery
and external jugular vein. (b) Cuff-based anastomosis of the carotid artery to the donor aortic
arch and jugular vein to the pulmonary trunk of the transplanted heart. (c) 150 pL of MTH
containing 750 pg (16 mM) tofacitinib or control gel is injected into the surgical pocket
pericardially prior to final closure by purse string suture. (d) Transplant survival curves of
C57BL/6J mice receiving BALB/c heart transplants under different treatment regimes. Mice
were syringe-injected at either the graft site or a distal location (base of the tail) with MTH
on POD 0. The gel alone group was injected only at the graft site. Where indicated, CTLA4-
Ig was IP administered on POD 0, 2, 4, and 6 (500 pg/injection). n = 3-4 for each group. **
indicates statistically significance, p <0.01. (e) Percent of tofacitinib from MTH found in the
plasma as a function of time. 150 uL of MTH having a total of 750 g of tofacitinib was
injected subcutaneously and blood drawn at indicated times. The MS1 (M+H)+ ion
(C16H21NgO) was used to calculate tofacitinib concentration using ruxolitinib as an internal
standard. MS2 analysis using the collision-induced secondary ion (C13HogNs5) showed
similar results, Supporting Figure S10. H&E staining of tissue sections taking from a
BALBI/c heart harvested on POD21 that had been transplanted into a C57BL/6J mouse.
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Heart section of mouse treated with MTH/CTLAA4-1g combination therapy (f, g) or CTLA4-
Ig monotherapy (h, i). Scale bar is 100 um on panels g and i.
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