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Preclinical screening for acute toxicity of therapeutic
monoclonal antibodies in a hu-SCID model

Jamie L Bradyl’z, Leonard C Harrison2, David ] Goodman3, Peter ] Cowan*°, Wayne ] Hawthorne®,
Philip J O’Connell®, Robyn M Sutherland>?7 and Andrew M Lew!%7

Monoclonal antibodies (mAbs) have been a spectacular clinical and commercial success in the treatment of cancer and
autoimmune diseases. Many of these mAbs (for example, OKT3, Campath-1H, rituximab and infliximab) are against surface or
secreted products of lymphocytes. However, mAbs can have a variety of adverse effects including fever, chills and nausea. This
is probably a result of cytokine release, which is most seriously manifested as a ‘cytokine storm’ as highlighted by the TGN1412
(anti-CD28) trial. Prediction of adverse effects of mAbs would be clinically advantageous and numerous in vitro assays
attempting to predict adverse effects have been reported. Here, we report an in vivo humanized mouse model to detect adverse
effects in response to OKT3, Campath-1H or the polyclonal Ab preparation anti-thymocyte globulin. We found that the
administration of each of these Abs to humanized mice led to acute clinical symptoms such as piloerection, hypomotility and
hypothermia, particularly when delivered via the intravenous route. A cytokine storm occurred in the humanized mice receiving
OKT3. This model system is a potentially useful tool to predict adverse effects and select initial doses for first-in-human trials.
We would advocate this in vivo model, in addition to current in vitro preclinical testing, as a more representative and robust
means of assessing potential adverse effects of mAb before their human use.
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Muromonab-CD3 (OKT3) was the first of the monoclonal antibodies
(mAbs) to be approved for clinical use in 1986 and is used to
immunosuppress transplant recipients. Since then, mAbs have become
a medical and commercial success especially for cancer and auto-
immune diseases. mAbs against CD20 (rituximab) for non-Hodgkin’s
lymphoma, vascular endothelial growth factor (bevacizumab) for
colorectal cancer, ErbB2 (trastuzumab) for breast cancer and tumor
necrosis factor (TNF; infliximab and adalimumab) for rheumatoid
arthritis are ‘blockbuster’” drugs. According to the Global and Chinese
Monoclonal Antibody Industry Report, 2013-2017, the global market
for mADb in 2012 was $78 billion; this is expected to rise to $141 billion
by 2017.

Part of the reason for the success of mAbs is their specificity.
Nevertheless, clinical toxicity such as fever and chills can occur at the
time of infusion and may be associated with a more severe ‘cytokine
storm’ or cytokine release syndrome (CRS). CRS is characterized by
the systemic release of mainly inflammatory cytokines, predominantly
TNF-a and interferon-y (IFN-y), usually 1-2 h after infusion, followed
by interleukin-6 (IL-6) and IL-10 and, in some cases, IL-2 and IL-8.!
CRS has been seen with several mAbs including campath
(alemtuzumab), muromonab-CD3, rituximab, tosituzumab, CP-870,

893, LO-CD2a/BTI-322 and TGN1412.2 In the case of the anti-CD28
mAb TGN1412, CRS was life threatening with suspected organ failure
in all six previously healthy volunteers. Whether the preclinical testing
(on human lymphocytes in vitro and cynomolgus macaques in vivo)
failed to herald the danger or the data were not interrogated
punctiliously remains debatable.? Studies with cynomolgus macaques
may have been misleading owing to the differences in CD28
expression between this monkey species and humans.* Although
in vitro studies and standard animal models can be useful, the
TGN1412 example underscores the need for additional models more
representative of humans for acute toxicity testing of therapeutic mAb.
In this paper, we describe the use of a humanized mouse as a screen
for the adverse effects of three clinically used Abs, two monoclonal and
one polyclonal.

Humanized mice have been used for testing the efficacy of Abs
against human cells. These include prevention of graft versus host
disease,” induction of regulatory T cells® and mimicking the side
effects of anti-CTLA4 Ab.”

In this model, we aim to assess clinical signs (appearance, behavior
and body temperature) and perform laboratory testing to quantify
plasma cytokines and lymphocyte activation markers immediately
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ex vivo. We performed dose titration, which can be prohibitively
expensive in primate models, and used two routes of administration
namely intraperitoneal (IP) and intravenous (IV) to reflect slow and
rapid infusion, respectively.

RESULTS

Abs bind T cells in hu-SCID

In general, 10 days after adoptive transfer of human peripheral blood
mononuclear cells (PBMCs) our hu-severe combined immunodefi-
ciency (SCID) mice have a ratio of human CD45 cells to mouse CD45
cells of 3:1 and 0.4:1 in the spleen and blood, respectively. This
corresponds to 1-2 x 107 human CDA45 cells in the spleen and 1 x 10°
per ml in blood.

OKT3 and Campath-1H bind CD3 and CD52, respectively, on
human lymphocytes. Anti-thymocyte globulins (ATGs) are polyclonal
IgG preparations that bind human lymphocytes. Each has been
reported to produce adverse effects acutely after infusion.>® Human
cells isolated from the spleen of a hu-SCID mouse 10 days after
adoptive transfer of human PBMCs were shown to still bind OKT3,
Campath-1H and ATG (Figure 1).

Gross signs after injection of Abs

The typical human doses for OKT3 and Campath-1H are 0.083
mgkg™! and 0.5 mgkg~!, respectively. For a mouse weighing 20 g,
this translates to 1.6 pg OKT3 and 10 pg Campath (based on body
weight) or 4.8 pg OKT3 and 30 pg Campath (based on body surface
area).” Initially, we covered both the methods by choosing 2 or 10 pg
for OKT3; for Campath-1H, the mice became severely ill at the 10 pg
dose, so the higher 30 pg dose was waived.

In addition, both IV and IP routes were included as the latter may
mimic more closely mAbs given by slow infusion. OKT3 was injected
into hu-SCID mice and at 1, 2 and 5 h the clinical scores were assigned
(Figure 2a). At the lower dose of 2 pg by the IP route all hu-SCID mice

OKT3

Campath-1H ATG

hPBMC
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Figure 1 Titration of mAb binding to human PBMCs by flow cytometry. Serially
diluted OKT3, Campath-1H or ATG were incubated with fresh hPBMCs or
human cells isolated from the spleen of a hu-SCID mouse 10 days after
adoptive transfer of PBMCs. Binding of OKT3 was detected with goat anti-
mouse IgG. Binding of Campath-1H was detected with goat anti-human IgG.
Binding of ATG was detected with goat anti-rabbit IgG. Isotype controls at all
concentrations showed no binding. Dash, thin, medium and thick lines
indicate increasing doses (OKT3 0O, 9.8, 39, 156 ngml*l; Campath-1H O,
625, 2500, 10000 ngml~1; ATG 0, 625, 2500, 10000 ngml~1).
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were unaffected. Hu-SCID mice that received 10 pg OKT3 IP had
moderate clinical scores (hunched, hypomotile), and one of five mice
became moribund and was killed at 2h. When 2pg OKT3 was
administered IV, hu-SCID mice had a moderate to severe reaction
within 1 h. Two of the four mice required euthanasia, whereas the
remaining two mice although showing moderate illness slowly
recovered over 5h. The reaction to 10 pg OKT3 IV was so severe
that all mice were killed at the first hour time point.

From preliminary experiments, clinical signs from Campath-1H
treatment appeared much earlier than with OKT3; hence we
performed a time course of up to 1h rather than 5h (Figure 2b).
Hu-SCID mice that received 2 or 10 pg Campath-1H via the IP route
had no clinical signs. Campath-1H (2 pg) IV educed mild clinical signs
but all mice survived the 1h time course. Mice that received 10 pg
Campath-1H IV became ill within 20 min (average clinical score of 3)
and all were moribund within 1 h and killed. Overall, for both mAbs,
the severity of gross signs increased in order according to: 2 pg
IP<10pg IP<2pg IV<10 pg IV.

The polyclonal Ab ATG is typically given at 1.5-5mgkg™' in
humans, equating to 30-100 pg (weight) or 90-300 pg (surface area)
per mouse. In preliminary experiments, we had already observed no
clinical signs at the 2 pg and 10 pg doses that we had used for OKT3
and Campath-1H. We therefore decided to test 30 and 150 pg
(Figure 2¢). At 30pg ATG IP clinical signs were absent and at
150 pg ATG IP the signs were very mild. Hu-SCID mice that received
30 ug ATG IV showed mild clinical signs and recovered over the 5-h
monitoring period, but mice that received 150 pg ATG IV rapidly
became moribund and were killed after 1 h. Although the doses were
different, the pattern of gross signs was similar for OKT3 and
Campath-1H, increasing from low-dose IP and high-dose IP to
low-dose IV and high-dose IV.

Neither hu-SCID mice injected with control IgG nor SCID mice
treated with OKT3, Campath-1H or ATG exhibited clinical signs, even
when extremely high doses (0.5 mg) were given to the latter. There-
fore, the effects described above were not due to nonspecific toxicity of
the agents themselves.

1

Hypothermia after injection of Ab
Both hypothermia and hyperthermia have been observed in the CRS.
After administration of 10ug of OKT3, either IP or IV, rectal
temperatures dropped profoundly from 37 °C to below 32 °C within
1 h (Figure 3a). With the lower dose of 2 pg, the IV route resulted in a
transient hypothermia (~32°C) at 1 h that partially recovered after 5h
(Figure 3a); the modest changes after IP route were similar to those
found with injection of control human IgG (Figure 3a).
Campath-1H had a profound effect on temperature, with the 10 pg
IV dose causing a drop of >5°C by 1 h (Figure 3b). High-dose IP and
low-dose IV showed similar decreases in temperature over the 1-h time
course. Low-dose IP showed a similar trend to the control injected
mice with a very slight decrease in body temperature over the time
course (presumably owing to multiple bleeds over the time course).
After administration of ATG, the disease was so acute with the
150 pg IV dose that mice were killed within 1h and the rectal
temperatures were not measured. Mice that received the 30 pg dose of
ATG 1V showed transient hypothermia (~33 °C) at 1 h that recovered
after 5h (Figure 3c). Either doses of ATG administered IP showed a
similar trend to the control injected mice.

Circulating cytokine concentrations after Ab administration
To ascertain whether a cytokine storm was induced, cytokines (human
IL-1p, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12(p70), IL-13, IFN-y and
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Figure 2 Acute clinical signs after injection of mAb. Hu-SCID mice were
scored clinically after injection of OKT3 (a), Campath-1H (b) or ATG (c).
Score: O=normal activity; 1=normal activity, piloerection, tiptoe gait;
2=hunched, reduced activity but still mobile; 3 =hypomotile but mobile
when prompted; 4 =moribund; killed. The number of mice for each group
was 4-5 and data are presented as mean+s.d. *P<0.05, **P<0.01 and
***P<0.001 compared with controls at the same time point.
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Figure 3 Hypothermia induction after injection of mAb. Rectal temperature
was measured in hu-SCID mice injected with control IgG or OKT3 (a),
Campath-1H (b) or ATG (c). The number of mice for each group was 4-5
and data are presented as mean+s.d. *P<0.05, **P<0.01 and
***P<0.001 compared with controls at the same time point.

TNF-a) were assayed in the plasma of hu-SCID mice following
injection of mAbs. High-dose (10 ug) OKT3 IP induced the produc-
tion of multiple cytokines, namely; IL-1p, IL-2, IL-4, IL-5, IL-6, IL-10
and IEN-y, the concentrations of which increased over the 5-h time
course (Figure 4); TNF-a production was also induced but peaked
earlier (at 1h). As found previously,!” cytokine concentrations
returned to normal by 24 h. IL-12(p70) and IL-13 concentrations
were very low (similar to the IgG-treated controls) and are not shown
here. Hu-SCID mice that received the high-dose OKT3 IV were killed
after 1h (see above), and therefore cytokines could not be assayed
beyond this time point. From these samples, most cytokines were
induced at similar concentrations to the 1-h time point of the
high-dose IP group, with a couple of exceptions. Lower concentrations
of IL-4 and TNF-a were detected in comparison with the high-dose IP
group (data not shown).
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Figure 4 Induction of cytokines after injection of OKT3. Hu-SCID mice were injected with 10 pg OKT3 (black bars) or 1gG control (gray bars) IP. Mice were
bled at 1, 2 and 5h and circulating cytokine concentrations measured. Sensitivity (limit of detection) of analytes was 1 ngml~1. The number of mice for
each group was 4-5 and data are presented as mean+s.d. *P<0.05, **P<0.01, ***P<0.001 compared with controls at the same time point.

Injection of 2pug OKT3, whether IP or IV, induced very little
detectable cytokine at any time point. Given that mice had substantial
clinical scores and hypothermia at 1h after 2 pg OKT3 IV, it would
appear that the clinical readout is more sensitive than the biochemical
readout of circulating cytokine concentrations, that is, at lower doses
of mAbs, mice became sick before plasma cytokines were elevated.

Mice given Campath-1H, whether 2 or 10 pg IV or IP, did not
exhibit plasma cytokine concentrations above those in the IgG-treated
control mice at the end of 1h time (data not shown). In addition,
cytokines were not detected in mice given ATG at any dose or by any
route (data not shown), again demonstrating that the clinical readout
is more sensitive than the biochemical.

OKT3 but not Campath-1H induces activation markers

Activation markers (CD25 and CD69) on T cells were analyzed by
flow cytometry directly ex vivo. Five hours after injection of OKT3, at
low-dose IV and IP and high-dose IP, CD69, but not CD25, was
upregulated on human T cells within the spleens of hu-SCID mice
(Figure 5a). After high-dose OKT3 IV, mice rapidly became moribund
and were killed at 1h.
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Activation markers on T cells of mice given Campath-1H were not
detected above IgG-treated control mice at any dose or route at the
end of the 1-h time course (Figure 5b).

Slight upregulation of CD69 on T cells of hu-SCID mice given 30 pg
ATG IV was detected above IgG control mice at the end of the 5-h
time course (Figure 5c). Activation markers were not detected in
hu-SCID mice treated with ATG via the IP route whether high or
low dose.

DISCUSSION
OKT3 (for depletion of T cells during transplantation), Campath-1H
(for treatment of B-cell chronic lymphocytic leukemia) and ATG (for
depletion of lymphocytes during transplantation) are examples of Abs
that are used successfully in human medicine.$!'=13 All three have
been associated with toxicity and CRS in patients. Therefore, we tested
these mAbs in the hu-SCID model to determine if it would
recapitulate these adverse effects seen clinically and be a useful
preclinical tool for the detection of CRS.

There are many humanized mouse models but they are all based on
a severely immunodeficient host (for example, neonatal mice, RAG or
SCID; IL-2Ry deficiency) usually with the NOD SIRPax allele (which
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Figure 5 Flow cytometric measurement of activation markers after injecton
of mAb. CD69 expression on human CD3* T cells in the spleen of hu-SCID
mice after injection of OKT3 (a), Campath-1H (b), ATG (c) (bold line) or
control 1gG (gray line). Histograms show a representative plot from each
group. No plots are shown for 10 ug OKT3 IV or 150 pg ATG IV as all mice
were moribund and killed before the end of the time course.
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recognizes hCD47).1* Human cells used for transfer include PBMCs,
human CD34+ ‘stem’ cells (for example, from cord blood) and a
combination of bone marrow cells and thymus graft; the latter
arguably produces the most comprehensive human immune system.
We found our model of human PBMCs into NOD-SCID IL2ry™!!
mice to be quite robust and that despite variation in final numbers of
human lymphocytes (especially between the experiments), the pattern
of response elicited was consistently reproduced. It is probably the
least labor intensive and inexpensive. As such, it lends itself to assess
doses according to body weight or body surface area facilely. Indeed,
experiments to determine ‘minimal anticipated biological effect level’
and ‘no observed adverse effect level’ would be practicable logistically
and economically.

The use of anti-CTLA-4 and anti-PD-1 for cancer immunotherapy
has brought new hope to patients with even very advanced cancers.'®
Some anticancer mAbs can cause tumor lysis syndrome, as well as
other adverse effects.!® It would be interesting to determine whether
hu-SCID mice transplanted with human cancer xenografts could be
used to test for such side effects.

The various preparations we tested have different isotypes (subclass
and from different species). OKT3 is a mouse 1gG2a, Campath-1H is a
human IgG1, ATG is rabbit IgG (rabbits have only one IgG isotype).
All the three isotypes have the LLGG motif in their hinge region and
therefore bind Fcy receptors well.!” All the three activate complement
well. Interestingly, TGN1412 is a human 1gG4 isotype, which is the
isotype least effective at binding Fcy receptors and unable to fix
complement;'® this should not be confused with its ability to bind the
neonatal FcR found on endothelial cells.!® Given the marked effects of
TGN1412, it would seem that Fc binding and complement fixation are
not the necessary properties to induce toxicity.

Multiple mechanisms are likely to govern cytokine production from
different cell types, depending on the mAb target. NK cells, mono-
cytes/macrophages, T cells, B cells, direct binding to cognate antigen,
FcR-dependent clustering, activation of FcR and activation of comple-
ment may all be involved>?® The hu-SCID system allows the
investigation of multiple cell types with multiple readouts from the
one system and appears to recapitulate many of the features that occur
in patients experiencing a cytokine storm. The kinetics of cytokine
released in the hu-SCID after OKT3 administration appear typical of
those reported in humans during cytokine release syndrome.?)?2
Thus, plasma TNF-a increases early within 1 h followed by increases
in other pro-inflammatory cytokines including IFN-y, IL-1f, IL-2 and
IL-6 over 5 h. One of the key features of the hu-SCID system is that in
addition to detecting a cytokine storm it permits detection of a variety
of other adverse effects. For example, even when cytokine concentra-
tions had not (yet) increased hu-SCID mice showed marked signs of
illness such as piloerection and hypomotility, as well as hypothermia.
Such information would provide an alert as a prelude to human trials,
whether or not cytokines were detected. Whether these signs are a
prelude to a cytokine storm or are a different effect altogether can be
debated. Acute reactions following infusion of mAbs can be caused by
various mechanisms besides CRS,?* including acute anaphylactic
reactions against the mAbs, serum sickness or complement activation
by IgG aggregates.

We surmise that the IV and IP routes in mice reflect rapid and slow
infusion, respectively. For example, etanercept (an IgG fusion protein)
injected IP into mice reached 50% maximum blood levels in 2 h.2*
We showed a marked difference in both adverse clinical and
biochemical parameters when mAbs were administered via different
routes. This suggests that the hu-SCID could guide therapeutic
delivery route of new mAbs. The hu-SCID model should also allow
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testing of mAbs in combination with counteracting medications such
as corticosteroids.???

Currently, in vivo testing of mAbs in non-human primates (when
the mADb cross-reacts) and in vitro testing on human cells are used to
characterize mAb and predict cytokine storm. The experience with
TGN1412, a mAb against human CD28, which triggered severe
cytokine storm in a phase 1 trial in human volunteers highlights the
limitations of these approaches. First, it appears that although
TGN1412 bound CD28" lymphocytes of Cynomolgus macaques, a
cytokine storm was not detected.'® This ‘false’ negative result questions
the suitability and validity of existing preclinical non-human primate
models for safety testing. Second, when first tested on human PBMCs
in vitro, TGN1412 did not apparently induce a robust cytokine
response.!*26

Since the TGN 1412 mishap, elaborate i vitro whole-blood*”?® and
PBMC*? assays have been introduced to improve the prediction of a
cytokine storm. Some assays have used different methods of immo-
bilizing mAbs, for example, on polystyrene beads coated with protein
A or anti-human IgG.! Of the six different methods tested to present
TGN1412 mAb to PBMCs or whole blood, only those in which
TGN1412 was immobilized by drying onto wells captured by
immobilized anti-Fc Ab or presented via an endothelial monolayer
elicited substantial cytokine release. The relevance of these may be
peculiar to TGN1412 and may or may not be useful generally. An
advantage of the hu-SCID model is that even if cytokines were not
detected, mice may still exhibit clinical signs of illness following mAb
administration.

As different mAbs have different modes of action, predicting
cytokine storms is not likely to be achieved with a single screening
assay. However, the hu-SCID mouse, being an in vivo reconstituted
human model, offers the potential advantages of not being limited by
species or cell specificity. Although not comprehensively investigated
here, we suggest that the hu-SCID model is a relatively facile and
economical platform to determine the starting doses of mAbs and
other agents in first-in-human trials.

METHODS

Animals

NOD-SCID IL2ry™! mice?® were bred under specific pathogen-free conditions
at the Walter and Eliza Hall Institute. The Institution’s Animal Ethics
Committee approved all the experimental procedures (#2011.015).

Antibodies

Flow cytometric Abs were purchased from BD Biosciences (San Jose, CA, USA),
eBiosciences (San Diego, CA, USA) or Jackson ImmunoResearch Laboratories
(West Grove, PA, USA). Human IgG (Intragam) (CSL Ltd, Parkville, Victoria,
Australia) was a gift from CSL. Purified anti-CD16/CD32 (clone 2.4G2), used
for blocking of mouse Fc receptors before staining for analysis by flow
cytometry, and OKT3 were produced at the Walter and Eliza Hall Institute’s
Antibody Facility. Campath-1H and ATG were purchased from Bayer
HealthCare Pharmaceuticals Inc., Leverkusen, Germany and Fresenius Biotech
GmbH, Grifelfing, Germany, respectively. All Abs had endotoxin levels
<0.51U per mg.

Isolation of PBMCs

Buffy coats were obtained from the Australian Red Cross Blood Service,
Melbourne, Australia. Human PBMCs were isolated over Ficoll-Plaque Plus
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden) and washed in phosphate-
buffered saline. After lysis of red blood cells, nucleated cells were washed three
times with phosphate-buffered saline. This study was approved by the Walter
and Eliza Hall Institution’s Human Research Ethics Committee (#92/03).
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Hu-SCID, measurement of cytokines and activation markers
NOD-SCID IL2ry™ ! mice were injected with 2 x 107 PBMCs IV. Ten days later
mice were injected with OKT3, Campath-1H or IgG (2 or 10 pg, IV or IP) or
with ATG or IgG (30 or 150 pg, IV or IP). Mice were bled over a time course of
1, 2 and 5h (for OKT3, ATG and controls) or 10, 20 and 60 min (for
Campath-1H and controls). Heparinized plasma was collected and analyzed for
cytokines using a multiplex immunoassay system (Precision Pro human
cytokine assay panel; Bio-Rad, Hercules, CA, USA). Cytokines measured
include human IL-1f, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12(p70), IL-13, IFN-y
and TNF-a. Treated hu-SCID mice were killed after their last bleed (5h or
60 min) and activation markers were analyzed by flow cytometry. Human
PBMCs from mouse spleens were blocked with 2.4G2 before staining for
fluorochrome-conjugated CD69, CD25, CD45 and CD3.

Measurement of body temperature

Rectal temperature of mice was measured before treatment and again
immediately before each time-point bleed. Temperature was measured by the
insertion of a rectal thermocouple probe (Kent Scientific Corp., Torrington,
CT, USA) and waiting until a stable reading was obtained (~10s). Mice with a
temperature <32 °C were killed.

Measurement of clinical score

As advised by the Canadian Council of Animal Care (www.ccac.ca/en_/
standards/guidelines), we performed pilot studies to determine the most
appropriate clinical signs and the grading of scores. At each time point mice
were observed and given a clinical score. Score: 0 = normal activity; 1 =normal
activity, piloerection, tiptoe gait; 2 =hunched, reduced activity but still mobile;
3 =hypomotile but mobile when prompted; 4 = moribund. Mice with a clinical
score of 4 were killed.

Statistical analysis

Unpaired one-tailed #-test was used to calculate the significance of the
difference between groups using Prism (GraphPad Software Inc., San Diego,
CA, USA).
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