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Abstract

Alzheimer’s disease (AD) is an age-related dementia, characterized by amyloid plaques,
neurofibrillary tangles, neuroinflammation, and neuronal loss in the brain. Components of the
complement system, known to produce a local inflammatory reaction, are associated with the
plaques and tangles in AD brain, and thus a role for complement-mediated inflammation in the
acceleration or progression of disease has been proposed. A complement activation product, C5a,
is known to recruit and activate microglia and astrocytes in vitro by activation of a G protein-
coupled cell-surface C5aR. Here, oral delivery of a cyclic hexapeptide C5a receptor antagonist
(PMX205) for 2-3 mo resulted in substantial reduction of pathological markers such as fibrillar
amyloid deposits (49 — 62%) and activated glia (42— 68%) in two mouse models of AD. The
reduction in pathology was correlated with improvements in a passive avoidance behavioral task
in Tg2576 mice. In 3xTg mice, PMX205 also significantly reduced hyperphosphorylated tau
(69%). These data provide the first evidence that inhibition of a proinflammatory receptor-
mediated function of the complement cascade (i.e., C5aR) can interfere with neuroinflammation
and neurodegeneration in AD rodent models, suggesting a novel therapeutic target for reducing
pathology and improving cognitive function in human AD patients.
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Alzheimer’s disease (AD), the most common age-related neurodegenerative disorder
associated with progressive loss of cognitive function, displays characteristic
neuropathological changes, including synaptic and neuronal loss (1), neurofibrillary tangles
(NFTSs) (2), extracellular senile plaques composed of amyloid (Ap) protein deposits (3), and
inflammatory glia (4, 5). In human studies, clinically significant cognitive decline occurs at
the stage of the disease in which fibrillar AS plaques and NFTs are present; however, it is
becoming increasingly evident that the presence of fibrillar plaques is not sufficient for
clinical diagnosis of AD (6), and thus other factors are critical in loss of cognition. Studies
in both AD patients and transgenic mouse models of AD suggest that it is likely that
multiple, overlapping processes contribute to neuronal degeneration and cognitive loss.

The complement system is a well-known powerful effector mechanism of the immune
system, providing protection from infection and resolution of injury (7). Complement
activation generates activation fragments that include C3a and C5a, which interact with
cellular receptors to recruit and/or activate phagocytes (including microglia and astrocytes)
(8). Activated microglia can be phagocytic, but they also can secrete several
proinflammatory cytokines, as well as reactive oxygen species and NO, which if not
regulated can create a neurotoxic inflammatory environment that can accelerate pathology
and neuronal dysfunction (9). Extensive studies have shown fibrillar (#-sheet containing) Af
activates both the classical and alternative complement pathways (10, 11) and that
complement factors are prominently associated with Ag plaques containing the fibrillar Ag
peptide (12, 13) rather than with diffuse amyloid plaques (lacking f-sheet), even early in the
disease, as fibrillar plaques appear (14, 15), as well as on some NFTs (16). Since reactive
microglia are rapidly recruited to newly formed fibrillar plagues in mouse models (17), it
can be hypothesized that fibrillar amyloid deposits initiate events such as complement
activation and subsequent glial recruitment that, if not sufficiently regulated, could
accelerate neuropathology and disturb neuronal function (18).

Mouse models of AD and/or neurodegeneration show similar association of the complement
components C1q, C3, and C4 (19 -21) with fibrillar amyloid plaques. Interestingly, in
rodent models evidence of both detrimental and neuroprotective consequences of
complement activation have been reported (19, 22, 23), and C1q and C3 have also been
shown to contribute to synaptic pruning during normal development (24). The use of
inhibitors of specific downstream complement cascade events, such as recruitment and
activation of inflammatory glia, would avoid inhibiting the potentially beneficial
consequences of complement activation. Cba receptor antagonists have been shown to be
beneficial in rodent models of acute inflammation (25-28). The present study was conducted
to ascertain the involvement of the potent inflammatory complement factor C5a in AD and
to assess a potential therapeutic approach. Data presented herein demonstrate that treatment
with the small-molecular mass cyclic hexapeptide C5a receptor antagonist PMX205
significantly reduces neuropathology and improves performance in a passive avoidance task

3Abbreviations used in this paper: AD, Alzheimer’s disease; Ag, f-amyloid peptide; APP, amyloid precursor protein; DIEA, N,N-
diisopropylethylamine; GFAP, glial fibrillary acidic protein; NFT, neurofibrillary tangle; PMX205, cyclic hexapeptide
hydrocinnamate-(L-ornithine-proline-D-cyclohexylalanine-tryptophan-arginine; Py-BOP, benzotriazol-1-
yloxytris(dimethylamino)phosphonium hexafluorophosphate; SYN, synaptophysin; UT, untreated.
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for contextual memory in mouse models of AD. Thus, inhibition of complement-induced
inflammation might dramatically slow the “snowballing” cascade of cognitive decline in
AD, even after the initial stages of impairment are diagnosed.

Materials and Methods

Mice

Two transgenic mouse models were used. Tg2576 from K. Hsiao (29), expressing human
amyloid precursor protein (APP)695 containing the double mutation KM670/671NL
(Swedish mutation), inserted into hamster prion protein on C57BL/6 genetic background
were maintained by back-crossing to B6/SJL (The Jackson Laboratory). Nontransgenic (B6/
SJL) littermate mice were used as controls. Also used were 3xTg mice harboring the APP
Swedish mutation, a human four-repeat (tau P301L) mutation and a knock-in mutation of
presenilin 1 (PS1M146V) (30). All genotypes were confirmed by PCR and/or quantitative
PCR (3xTg). All animal experimental procedures performed were reviewed and approved
by the University of California at Irvine Institutional Animal Care and Use Committee.

Synthesis of the C5a receptor antagonist PMX205

PMX205 was synthesized via a modification of the methods previously described (31) by
generating the linear hexapeptide via solid-phase synthesis rather than solution-phase
synthesis. The cyclic hexapeptide hydro-cinnamate-(L-ornithine-proline-D-
cyclohexylalanine-tryptophan-arginine) (PMX205) was synthesized by standard solid-phase
methods on a preloaded Arg-Wang resin using the Fmoc (9-fluorenylmethoxycarbonyl)
scheme of orthogonal residue coupling and deprotection. The linear hexapeptide was
obtained by cleavage in trifluoroacetic acid with appropriate scavengers, precipitation in
cold ether, and HPLC purification on C18 analytical and preparative columns. PMX205 was
obtained by intramolecular cyclization of the linear hexapeptide as follows: the linear
hexapeptide was dissolved in dimethylformamide plus 1 equivalent of N,N-
diisopropylethylamine (DIEA) and cooled to —10°C. A second solution of 1.1 equivalents of
benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate (PyBOP) and 1
equivalent of DIEA was dissolved in dimethylformamide and cooled to —10°C. The peptide
solution was added dropwise to the PyBOP solution with stirring over a 15-min period and
the reaction mixture was stirred at —10°C for 5 h. Additional DIEA was added as needed to
maintain the pH between 7.5 and 8.0. PMX205 was obtained by adding the reaction solution
dropwise to an excess of cold ether to precipitate the PMX205. The drug was purified by
HPLC, and the molecular mass (841) was verified by MALDI mass spectrometry (MS 841
MH™).

AR assembly assays

Preparation and assay of fibrillar A5 was done as previously described (32). Briefly, to
prepare fibrillar Ao, 2 mM Apy, (C. Glabe, University of California, Irvine (32)) in 100
mM NaOH was sonicated briefly (30 s). Samples were subsequently diluted to 45 pM in
fibrillization buffer (100 mM NaCl, 10 mM HEPES (pH 7.4), containing 0.02% sodium
azide) and stirred at room temperature in the presence and absence of 0 =300 UM PMX205.
For kinetic assessment of fibril formation, mixtures were assayed each day for 6 consecutive

J Immunol. Author manuscript; available in PMC 2014 June 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Fonseca et al.

Page 4

days of coincubation. Ten microliters of the Ao mixtures was combined with 120 ul of 3
UM thioflavine T in fibrillization buffer, and the fluorescence emission at 482 nm, indicative
of the degree of fibrillization, was measured alone using a Gemini XPS plate reader
(Molecular Devices).

Animal treatment with PMX205

Tg2576 mice were treated (starting at or after the initiation of plaque pathology) for 2-3 mo
with the C5aR antagonist PMX205 given in the drinking water only (10 —20 pg/ml,
equivalent to ~3— 6 mg/kg/day) or both in drinking water (10 —20u/ml) and s.c. (1 mg/kg)
twice weekly throughout the treatment period. Untreated transgenic animals of same age
were used as controls. Nontransgenic littermates were similarly treated or not treated with
the drug. 3xTg mice were also treated with PMX205 in the drinking water. Due to the low
pathology of the males, similar to that previously reported (33), only female mice of this
strain were used for these studies.

Immunohistochemistry and image analysis

Mice were anesthetized with a mixture of ketamine/xylazine (67/27 mg/kg) and perfused
with PBS. After dissection, half of the brain was immediately frozen on dry ice and the other
half was fixed overnight with 4% paraformaldehyde (for immunohistochemistry).
Thereafter, fixed tissue was stored in PBS/0.02% Na azide at 4°C until use.
Immunohistochemical procedures were done as previously described on coronal, 40-um
vibratome sections (19). Briefly, after pretreating with 50% formic acid (only for amyloid
staining), and blocking endoperoxidase with 3% H,0,/10% MeOH in TBS and nonspecific
binding with 2% BSA/0.1% Triton X-100/TBS, sections were incubated with the
corresponding primary Abs or control IgG. Primary Abs were detected with biotinylated
secondary Abs against the corresponding species, ABC complex, and diaminobenzidine
(Vector Laboratories), following the manufacturer’s instructions. For fluorescent labeling,
Cy3-streptavidin (Jackson ImmunoResearch Laboratories; 1/200) was used after the
biotinylated secondary Ab.

Abs used were: mouse monoclonal 6E10 Abs (1 pg/ml) (Senetek) for total amyloid, and
rabbit polyclonal glial fibrillary acidic protein (GFAP) (4 ug/ml) (Dako) and rat monoclonal
anti-CD45 (1 ug/ml) and anti-CD68 (5 ug/ml) Abs (Serotec) for astrocytes and microglia,
respectively. Presynaptic terminals were labeled with rabbit polyclonal anti-synaptophysin
(SYN; 3 pug/ml) (Dako). Hyperphosphorylated tau was labeled using mouse mAb AT100
(recognizing phosphorylated Ser?12 and Thr14 tau) (0.02 pg/ml) (Pierce). Fibrillar ASwas
stained with 1% thioflavine as previously described (19).

Immunostaining was observed under a Zeiss Axiovert-200 inverted microscope. Images
were acquired with a Zeiss Axiocam high-resolution digital color camera (1300 x 1030
pixels) using Axiovision 4.1 or 4.6 software and analyzed using the same software (Zeiss).
For SYN staining, images were taken using a Zeiss LSM 510 Meta laser scanning confocal
microscope and analyzed using KS300 software (Zeiss). Immunostaining for each marker
was done simultaneously in coronal sections at similar distance from bregma in all animals
compared. Digital images were obtained using the same settings, and the segmentation
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parameters were constant per given marker and experiment. Similar areas were evaluated in
all the animals compared per marker. Total (Af) and fibrillar (thioflavine) plaque area as
well as glia area (CD45, CD68, GFAP) surrounding the plaque (identified by colocalization
with thioflavine) was quantified in cortex and hippocampus in the Tg2576 or in subiculum
area in the 3xTg model. SYN was quantified in the CA3 (CA3a and CA3c) field of
hippocampus. Percentage of immunopositive area (immunopositive area/total image area x
100) was determined for all the markers studied by averaging several images per section that
cover the region of study. The mean value for each animal results from the analysis of two
to four sections. The average of the means per group is presented. All of the markers were
studied in several untreated and treated animals from at least two different trials. Single
ANOVA statistical analysis was used to assess the differences in plaque area, glial
reactivity, and neuronal integrity among the animal groups (treated and untreated).

Behavioral assays

Male and female mice were tested using a passive step-through inhibitory avoidance test
(34). The apparatus (San Diego Instruments) consists of two chambers, each 21 x 25.5 x
16.5 cm, separated by a sliding door. During training, mice were placed in the starting
chamber for a period of 30 s, after which the chamber was illuminated and the sliding door
opened. Upon the mice completely entering the dark chamber, with all four paws touching
the chamber floor, the mice received a mild 0.26- to 0.27-mAmp shock for a period of 1 s.
After receiving the shock, the mice were left in the dark chamber for an additional 4 s before
being removed and returned to their holding cage. Retention was then tested 24 h later by
placing the mice in the lighted chamber with open door access to the dark chamber. Latency
to enter the chamber was recorded, using a maximum of 180 s latency before terminating the
trial.

As a measure of spontaneous alternation and activity, mice were tested using a metallic Y-
maze apparatus. The Y-maze consists of arms measuring 23 x 6 x 16 cm with a plastic cover
to reduce light but still allow the experimenter to score the trial. A mouse was given one trial
of exploratory time, which consisted of a 5-min interval. During the trial, the total number of
alternations and arm entries was recorded. The percentage alternation and total number of
arm entries were recorded and expressed as previously described (35). Statistical analyses
were done using a Kruskal-Wallis ANOVA test, as some groups displayed a nonparametric
distribution, followed by a Mann-Whitney U test.

ELISA assays for soluble and insoluble AB4o and Ap4»> amyloid

Briefly, frozen half cortical or hippocampal sections were pulverized on dry ice and
homogenized in 5x vol (5 pl/mg cortical tissue) or 10x vol (10 pl/mg hippocampal tissue) of
T-PER reagent (Pierce) with protease inhibitor cocktail (Roche Diagnostics, catalog no.
118836153001). The homogenates were sonicated (1-s pulse) and centrifuged at 100,000 x g
at 4°C for 1 h, and the resulting supernatant was collected as the T-PER/detergent-soluble
fraction. The pellet was then resuspended to the starting volume in 70% formic acid. After
centrifugation at 100,000 x g, 4°C for 1 h, the supernatant was collected and stored at -80°C
as the T-PER-insoluble fraction. Immulon 2HB flat-bottom wells (Thermo Scientific) were
first coated with monoclonal anti-Af1-16 Ab (from Dr. W. van Nostrand, Stony Brook
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University, New York, NY) at 33 ug/ml in 0.1 M carbonate buffer at pH 9.6 overnight at
4°C. Wells were subsequently blocked with 3% BSA in PBS at 37°C for 3 h. After plates
were washed, appropriately diluted samples or human ultrapure Afg or Afyo standards
(Millipore) were loaded into wells in triplicate and allowed to incubate overnight at 4°C in
capture buffer (pH 7.0) (20 mM sodium phosphate, 0.4 M NaCl, 2 mM EDTA, 0.3% BSA,
0.05% CHAPS, and 0.05% Na azide). Plates were washed and then probed with either
biotinylated monoclonal anti-AfSyg Ab (C49) or anti-Afy, (D32) Ab (from Dr. V. Vasilevko,
University of California, Irvine, CA) in detection buffer (pH 7.0) (20 mM sodium
phosphate, 0.4 M NaCl, 2 mM EDTA, 1% BSA, and 0.02% thimerosal) overnight at 4°C.
Streptavidin-HRP (1/4000; Pierce) in detection buffer was added and incubated at 37°C for
3 h. Plates were developed with the addition of Ultra TMB-ELISA substrate (Pierce)
followed by 0.8 M O-phosphoric acid to stop the reaction. Plates were subsequently read at
450 nm using a SpectraMax Plus plate reader (Molecular Devices).

The Cb5a receptor antagonist PMX205 is a nontoxic cyclic hexapeptide that reduces
pathology in transgenic mouse models of AD

PMX205 was previously shown to reduce acute inflammation in rodent models of injury in
which complement activation occurs (25, 26). Initial trials were performed to assess toxicity
of the drug in wild-type and AD transgenic mice when chronically administered s.c. or in the
drinking water. There was no weight loss or change in daily water intake in wild-type mice,
Tg2576 or 3xTg, when treated for 12 wk with PMX205 in any dose or delivery mode (data
not shown). However, all preliminary experiments demonstrated decreased amyloid deposits
and glial reactivity in the brain of the transgenic mouse models whether the drug was
delivered in the drinking water alone (at 10 or 20 ug/ml) for 8 =12 wk, or if provided both in
the drinking water (10 or 20 pg/ml) plus a s.c. injection (1 mg/kg body weight) twice a week
(Table I). Larger statistically significant decreases in pathology were detected when a higher
dose of the drug was delivered to the animals in the drinking water (Table I). Based on these
preliminary results, the 20 pg/ml dose was chosen for all subsequent therapeutic studies.

To determine whether PMX205 had a direct influence on Agassembly, freshly dissolved
amyloid (45 pM) was incubated with 0 =300 pM PMX205 for 6 days under conditions in
which fibrils are generated and the amount of fibrils formed was assessed. The rate of fibril
formation, using thioflavine reactivity as a measure of f-sheet fibril accumulation, was
unaffected by the presence of PMX205 at pharmacologically relevant concentrations of the
drug in vivo (data not shown). At very high concentrations of PMX205, 100 and 300 pM (84
and 252 pg/ml, respectively), Ay, fibril assembly was inhibited. However, since it has been
shown that oral dosing of PMX205 results in maximal plasma levels of <1 pug/ml (25), there
is no evidence that the effect of PMX205 in vivo is due to interactions of the drug with Ag
itself.

J Immunol. Author manuscript; available in PMC 2014 June 23.
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PMX205 treatment decreases both total amyloid deposits and fibrillar amyloid plaques in

Tg2576 mice

Tg2576 mice were treated with PMX205 at 20 ug/ml in the drinking water (n = 17) from 12
to 15 mo of age, the time frame at which there is a rapid accumulation of amyloid deposits
in these animals. Untreated Tg2576 animals (n = 11) were used as controls. After 3 mo,
animals treated with PMX205 showed significantly less fibrillar plaque load (thioflavine
reactivity) than did untreated animals (Fig. 1, A and B). Image analysis of cortex and
hippocampal areas demonstrated a 44% decrease in thioflavine labeling in treated animals
compared with untreated animals (Fig. 1E). While there was expected variability in the
degree of pathology among animals, the difference between the treated and untreated
animals was highly statistically significant (p < 0.0006). Immunostaining with monoclonal
6E10 Ab, which recognizes diffuse as well as fibrillar human amyloid deposits, showed a
similar, albeit of less magnitude, decrease in total amyloid load (29%, p < 0.03) (Fig. 1, C,
D, and F).

PMX205 treatment results in less reactive glia surrounding fibrillar amyloid plaques

Cba receptors are expressed on microglia and astrocytes (8), and in vitro they have been
shown to mediate chemotaxis in response to the activation peptide (36). Treatment with the
C5aR antagonist PMX205 reduced the level of plaque-associated activated microglia
detected with anti-CD45 by 49% (p < 0.02) in the treated Tg2576 mice compared with
untreated Tg2576 animals (Fig. 2, A-C). The decrease in CD45 reactivity was positively
correlated with the decrease in thioflavine area (R = 0.82, p < 0.0001) (Fig. 2D). Similarly,
CD68 (macrosialin, a marker for phagocytic microglia) was also decreased (53%, p < 0.01)
in the PMX205-treated animals (data not shown) compared with drug-free controls.

Astrocytes in the vicinity of the thioflavine-positive plaques (Fig. 2, E and F) were also
decreased (54%, p < 0.003) in PMX205-treated Tg2576 animals compared with untreated
Tg2576 as measured by GFAP immunoreactivity (Fig. 2G). Image analysis of colocalization
of GFAP/thioflavine showed that the ratios of GFAP/thioflavine were similar in both treated
and untreated groups. The decrease in GFAP correlated with thioflavine reduction (R = 0.74,
p <0.0.01) (Fig. 2H).

PMX205 treatment causes significant decreases in hyperphosphorylated tau as well as
fibrillar plaques in the 3xTg mouse model

To study the effect of PMX205 in an AD mouse model that shows tau pathology as well as
plaque pathology, the 3xTg mouse model generated and characterized by LaFerla and
coworkers (30) was used. 3xTg animals were treated from 17 to 20 mo (at which time these
mice begin to accumulate fibrillar amyloid) with the same dose of PMX205 in the drinking
water as used with the Tg2576 mice. Two different trials were performed with similar
results, and thus the average of the data from both trials is presented here.
Hyperphosphorylated tau was strikingly reduced in the treated animals (69%, p < 0.02) as
demonstrated by image analysis (Fig. 3, A-C). A significant reduction in thioflavine area
was also seen (49%, p < 0.05) (Fig. 3D) and was accompanied by a trend of a decrease in
CD45 staining (45%, p < 0.12) (Fig. 3E).

J Immunol. Author manuscript; available in PMC 2014 June 23.
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Treatment with the C5a receptor antagonist increases SYN in the hippocampus of Tg2576

mice

In the 3xTg model, treatment with PMX205 decreased hyperphosphorylated tau reactivity,
which is indicative of a reduction in neurodegeneration. To establish if the antagonist would
also improve neuronal integrity in the Tg2576 model, the effect on the presynaptic marker
SYN was assessed. SYN labeling was examined in the stratum lucidum of the CA3 field of
hippocampus area, which is rich in SYN-positive presynaptic terminals. Confocal imaging
(Fig. 4, A and B) and quantification of the SYN immunolabeled area showed a significant
increase of 33% (p < 0.03) (Fig. 4C) in the treated Tg2576 mice compared with the
untreated animals. A similar increase (27%, p < 0.05) was observed after quantification of
images obtained by conventional fluorescent microscopy in a larger sample of animals
(untreated (UT) = 10, PMX205 = 12).

T-PER-insoluble amyloid levels are reduced in PMX205-treated animals

In accordance with the reduced thioflavine-positive fibrillar plaque load observed in
PMX205-treated mice, we observed reductions in cortical amyloid levels as assayed via AfS
ELISA. Formic acid-soluble (T-PER-insoluble) amyloid levels were lower in treated
Tg2576 mice (n = 10) when compared with untreated Tg2576 control animals (n = 6) (Fig.
5, A and B). Afug levels were reduced by 21%, while Afyo levels were reduced by 43%.
While substantial mean reductions were seen, the differences did not reach statistical
significance (p = 0.198 and p = 0.272), likely due to interanimal variability. In contrast, T-
PER-soluble Afyg was slightly elevated in treated animals, while there was no observed
difference in soluble Afy, levels between treated and untreated mice (Fig. 5, C and D).

PMX205 treatment rescues Tg2576 cognitive impairment in passive avoidance task

To determine whether the significant reduction in both plaque deposits and reactive glia
observed after treatment with PMX205 led to improved cognitive function, we evaluated
working memory utilizing the Y-maze spontaneous alternations task in Tg2576 mice at 15
mo of age. While we observed the reported hyperactivity associated with the Tg2576 mouse,
as these animals had higher average total arm entries than those of nontransgenic mice (data
not shown), there were no memory impairments found in Tg2576 mice vs nontransgenic
littermate control mice in this task and no effects of PMX205 treatment were observed (data
not shown).

To assess contextual memory impairments, a step-through passive avoidance task was
employed. Tg2576 mice showed a significant reduction in memory retention when
compared with non-transgenic PMX205 untreated controls. Fifteen-month-old Tg2576 mice
delayed entry into the dark chamber for only 67.1 s (n = 8) vs 134.s (n = 14) for
nontransgenic littermate mice at 24 h (p < 0.04, Fig. 6A). Importantly, the reduction in
Tg2576 mice memory retention was rescued after PMX205 treatment for 12 wk, as time to
enter the dark chamber at 24 h was 130.4 s for these animals (n = 5). Further analysis on
hippocampal extracts from PMX205-treated mice revealed a negative correlation between
animal performance and detergent-insoluble Ay and Afyo levels (R = -0.87, p = 0.058 and
R =-0.96, p < 0.01, respectively) (Fig. 6, B and C). Correlation analysis of detergent-
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soluble Afq and Ay, and cognitive performance of the PMX205-treated mice show similar
results (analysis not shown).

Discussion

The complement system has been implicated in the pathology of AD, but to date no one has
examined the specific role of C5a or C5aR in this disease. Our data clearly demonstrate that
treatment with the C5a receptor antagonist PMX205 results in significant and substantial (up
to 69%) decreases in pathology in two different mouse models of AD and improved
performance in a passive avoidance task for contextual memory. A distinct advantage of this
small hexapeptide is that the point of inhibition is downstream of complement activation,
avoiding interference with upstream potentially protective complement activation events.

Fibrillar amyloid activates the complement cascade both in vitro and in vivo (reviewed in
Ref. 37). Complement factors and reactive microglia and astrocytes are found associated
with Ag plaques containing the f~sheet fibrillar A5 peptide rather than diffuse amyloid
plaques (12, 38). Since activation of the complement cascade results in the production of
complement activation products C5a and C3a that are chemotactic for microglia and
astrocytes (39), it was hypothesized that at least part of the recruitment of these cells to the
plaque area was due to C5a, the more robust and potent chemotactic peptide of the two
anaphylatoxins (reviewed in Ref. 8). These recruited cells can be phagocytic, but can also be
“activated” to different functional states depending on the sum of the stimulatory signals
they encounter, secreting proinflammatory cytokines, reactive oxygen species, and NO. This
elevated inflammatory reaction in the area of the plaque could ultimately accelerate the
neuronal dysfunction and cognitive decline seen in the human disease (40, 41).

C5a-C5haR signaling has been shown to synergize with other receptor signaling, including
P2Y6 (42) and TLR in multiple tissues including the brain (43— 45). Af has been reported to
engage TLR2 and TLR4 (46, 47), and thus inflammation in response to Ag interactions with
receptors on Cbha-recruited glia cells may be significantly enhanced relative to the response
of microglia in the absence of Cba. This enhanced inflammation would accelerate
neurotoxicity and/or neuronal dysfunction, while inhibition of the C5a-C5aR interaction
would reduce gliosis and inflammation and subsequently the amyloid deposition and
neuronal dysfunction as seen here. While further studies are needed to more precisely assess
the different amyloid assembly states in the PMX205-treated animals, the substantial and
significant reduction in fibrillar plaques in conjunction with reduced glia is consistent with
results of others in which reduction of inflammation reduces amyloid load (48). Recently it
was reported that DBA/2 mice (which are C5-deficient) carrying the human APP transgene
show significantly less accumulation of amyloid peptide than did the C5-sufficient C57BL/6
mouse with the identical transgene (49). Additionally, whole-genome quantitative trait
linkage mapping identified an association of this difference in amyloid accumulation with
the C5 gene mutation, suggesting a detrimental role for C5 or the downstream complement
activation products in this neuropathology, consistent with the reduced plaque accumulation
as a result of C5aR antagonist treatment seen in this study (Fig. 1). No direct effect of the
drug on amyloid fibrillization was seen in our in vitro studies.
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It has been reported that the introduction of a proinflammatory environment within the CNS
of aged mice can lead to impaired contextual memory as assayed in the passive avoidance
task, and that inhibition of such proinflammatory events can lead to improved performance
in the task (50). In the examination of behavior of our mice, consistent with earlier
publications, we observed the characteristic hyperactivity associated with Tg2576 mice.
However, in the present study, Tg2576 mice at 15 mo of age displayed comparable arm
alternation percentages during the Y-maze testing to those of no-transgenic controls. The
difference between our studies and previous reports (35, 51) could be due to either the
difference in the age of the mice used in these studies or the difference in the genetic
background of the mice, as our founder males were bred against B6/SJL mice vs C57BL/6.
Thus, amyloid deposition and glial activation do not affect working memory in our colony
of Tg2576 animals at this age as assayed in the spontaneous alternation Y-maze task, nor is
C5a-mediated inflammation involved in the hyperactivity associated with Tg2576 mice. In
contrast, a significant impairment in contextual memory in our 15-mo-old Tg2576 untreated
mice was observed when compared with untreated nontransgenic controls of the same age.
Additionally, after a 12-wk treatment with PM X205, the Tg2576 mice displayed improved
performance vs untreated Tg2576 mice in the task, which approached statistical significance
(p = 0.1; likely due to the limited number of treated animals assayed for contextual memory
performance). Memories dependent on specific environmental context are highly dependent
on the hippocampus. Subsequent analysis showed a strong correlation between
hippocampal-insoluble amyloid loads and memory performance in PMX205-treated mice
(Fig. 6, B and C). The data support the hypothesis that inhibition of complement-mediated
inflammation, through C5aR/CD88 blockade, can result in improved memory performance
in Tg2576 mice. To our knowledge, this is the first time inhibition of CD88 has been linked
to improved cognitive performance.

In support of the hypothesized role of complement in AD, in vivo studies in which the Clq
gene (which is required for the classical complement activation pathway) was knocked out
in the Tg2576 mouse model of AD demonstrated a 50% reduction in microgliosis and
astrocytic activation accompanied by a >60% rescue of neuronal integrity (MAP2 and SYN)
(19) relative to the complement-sufficient Tg2576 mice. While this and other studies (52)
have suggested detrimental effects of complement activation in the AD brain, additional
investigations have suggested that at least some of the complement factors can decrease the
neuropathology in some mouse models of AD (22, 53) or limit the detrimental responses to
neurodegenerative stimuli in other injury models (23, 54 —-56). One explanation for the
reported accelerated pathology in C3-deficient (22) or C3-inhibited (53) AD mouse models
is that the lack of recruited microglia and/or lack of C3b as an opsonin to enhance
phagocytosis slowed A clearance and ultimately resulted in an increase in degenerating
neurons. C3 deposition, presumably via the alternative pathway, was seen in the Tg2576
C1q~"~ mouse (21) and thus could provide the C3b opsonic benefit in these mice that would
not be functional in the C37/~ or Crry overexpressing model. Note that a beneficial role for
C3a via stimulation of nerve growth factor production or other neuroprotective function (55,
57, 58) has not yet been investigated in this model. Similarly, in the model reported herein in
which the C5aR antagonist blocks C5a access to CD88, presumably limiting glial activation,
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the beneficial roles of upstream complement components, such as C3 and C1q (22, 23, 53),
remain available.

One question that remains unclear, however, is that if the alternative pathway was being
activated in the Tg2576 C1q~/~ mice, as evidenced by C3b deposition on plaques (21), why
did the alternative complement pathway generation of C5a in the Tg2576 C1g™/~ mice (19)
not result in the same level of glial recruitment and detrimental activation as in the C1g-
(classical complement pathway) sufficient Tg2576 mice. There are several factors that could
contribute to this difference. First, the classical pathway of complement activation generates
molecularly distinct C3- and C5-cleaving enzymes (C3 and C5 convertases), C4bC2b and
C4bC2bC3Db, respectively, from those of the alternative pathway, C3bBb and C3bBbC3b,
respectively (37), and it is currently unknown whether and to what extent these C3 and C5
convertases have different kinetic properties and/or different susceptibility to regulatory
components, all of which would contribute to the relative magnitude with which the
downstream activation components of the cascade (i.e., C5a) are generated. Second, the
kinetics of the initial complement activation via the two activation pathways by fibrillar
amyloid plaques in vivo is not known, nor is it known if there is a prescribed balance
between the protective vs detrimental effects due to the kinetics of activation. Third, while it
is known that the classical cascade can recruit the alternative pathway and thus amplify
downstream complement activation products (resulting in more robust C5a generation), it is
not known to what extent this process occurs in rodent brain. In summary, the physiologic
outcome may be dictated by the summation of these factors and/or others, resulting in either
a net protective effect as seen in the C1q knockout model (which lacks the classical
complement pathway, but has an intact alternative pathway) or a net detrimental effect as
observed in the C3 knockout model (which has a complete absence of both pathways of
complement activation).

In addition to the complexity of interpreting results when eliminating entire pathways of
complement activation, caveats of using murine models transgenic (overexpressing) or
genetically deficient in specific components or complement regulators (53) to assess their
role in AD also include the potential for compensation developing in response to the lifetime
of systemic complement inhibition (59), as well as the effect of the complete lack of other
functions of complement system during development or injury. This has become particularly
noteworthy since the early complement proteins C1q and C3 appear to play a role in normal
synapse pruning (24). In light of these issues, the use of a small molecule receptor antagonist
only late in the lifespan of the animal avoids those difficulties in interpreting the outcome of
the modulation. The particular C5a receptor antagonist used here, PMX205, was chosen for
its increased stability when administered orally (25) and for the possible higher penetration
of the blood-brain barrier owing to its increased lipophilicity over PMX53, the first-
generation cyclic C5aR antagonist (25-27). PMX53 has been shown to mitigate tumor
progression in mice (60) and inflammatory diseases in other rodent models, including those
with cerebral involvement (26, 28). When injected i.v. in rats, PMX205 was detected in
brain in higher concentrations than was PMX53 (26), but the ability of PMX205 to cross the
blood-brain barrier when delivered orally to mice remains to be formally determined.
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While it is hypothesized that the cyclic peptide is binding to CD88 (C5aR) and thus blocking
the complement activation product C5a from inducing a chemotactic and activating signal in
glial cells in the brain, thereby reducing inflammation and thus neurodegeneration, note that
the mechanism by which PMX205 is reducing pathology and enhancing cognition remains
to be unequivocally established, particularly since C5a receptors are expressed on neurons as
well (reviewed in Ref. 61). However, in contrast to other candidate C5a receptor antagonists
(62), PMX205 inhibits the interaction of C5a with CD88 but not with the C5a-like receptor
2 (C5L2) (8, 62), an alternative receptor for C5a whose function is yet to be unambiguously
defined (63, 64), suggesting that the beneficial effects reflect the specific inhibition of
CD88. Furthermore, in an in vitro screen of 44 different receptors, PMX53 was shown to
exert inhibition with only four other receptors and only at a minimum 3-fold higher
concentration than that which inhibits CD88/C5aR (65). PMX205 has not yet been tested as
extensively. However, it is unlikely that the effects seen here are due to nonspecific
suppression of proinflammatory responses, as others have shown that PMX53 had no effect
on neutrophil influx, clinical disease, or pathology in a model of experimental autoimmune
encephalomyelitis (66). Additionally, treatment with PMX205 had no effect on dampening
leukocyte migration to the CNS in response to intracranial inoculation with a neurotropic
coronavirus (T. E. Lane, unpublished observation). Considering the weight of evidence
implicating the complement system in the pathology of this AD model (reviewed in Ref.
40), the synergizing proinflammatory effects of C5a with other proinflammatory receptors
such as TLR and P2Y (42, 43), the lack of observable toxicity in multiple acute rodent
models previously investigated and the extended treatment in these studies, and the disease-
modifying effects of PMX205 on both neuropathology and behavioral deficits presented
herein, it is a compelling hypothesis that the C5a-C5aR interaction is a significant
pathogenic driver in this model of AD that is mitigated by this small molecule antagonist.
Future experiments are planned to further test this hypothesis.

Specific complement component-directed treatment was initiated in this study at an age at
which cognitive deficits and the accumulation of fibrillar amyloid plaques have been
reported by many laboratories (19, 29, 51, 67). The positive results of PMX205 treatment at
this time suggest the possibility that such treatment could be effective even if started at the
first recognition of cognitive decline in humans. As elaborated above, the specific inhibition
of this C5a-C5aR interaction by PMX205 would allow for other demonstrated and
hypothesized protective effects of complement components, including clearing apoptotic
neurons and neuronal blebs, synapse pruning (during regeneration), limiting
proinflammatory cytokine production, enhancing neurotrophin production (57, 58), and
recruiting stem cells into the area of damage via C3a (55, 68). PMX205 has an added
advantage over a Food and Drug Administration-approved anti-C5 mAb (69) or the C5-
specific inhibitor from the soft tick (70) (in addition to its smaller molecular size) in that
both of the latter prevent cleavage of C5 (thereby preventing C5a and C5b-9 generation),
while PMX205 permits the generation of bacteriolytic C5b-9 during infection. Thus, while
the recruitment of leukocytes into the area of an infection would be dampened with systemic
PMX205 administration, the ability to locally generate pathogen-targeted membranolytic
C5b-9 and to opsonize invading microbes with C3b (for ingestion and killing by
phagocytes), as well as the presence of Ab and T cell mechanisms of immune protection,
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would remain intact to provide protection from infection over even long-term treatment.
Furthermore, the innate system includes redundancy, and thus other mechanisms including
multiple chemokines would be functional in recruiting protective phagocytes in response to
infection. Indeed, the monoclonal anti-C5 that prevents C5 cleavage has been Food and
Drug Administration approved for treatment of paroxysmal nocturnal hemoglobinuria (69),
and the PMX205 parent compound PMX53 has successfully passed phase I clinical trials,
indicating potential safety in humans (71, 72).

In summary, the data reported herein support the hypothesis that the inhibition of C5a-
induced inflammation via its receptor, CD88, reduces amyloid and tangle accumulation,
reduces synapse loss, and rescues a hippocampal-dependent memory task. The observations
are intriguing, and this kind of therapeutic approach is attractive due to the specificity of the
pathways being inhibited, the potential for oral delivery, the lack of detrimental effects of
the compound seen in multiple animal studies thus far (including long-term administration
in this study), the successful phase 1 testing of PMX53 in humans, and the prediction that a
PMX205-based drug could be prescribed with benefit after clinical diagnosis of early stage
AD. Thus, these findings provide rationale for further investigation of the potential use of a
Cba receptor antagonist as a therapeutic for AD in humans.
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FIGURE 1.
Treatment with PMX205 decreases fibrillar and total amyloid. Representative images of

fibrillar (thioflavine staining) amyloid (A and B) and total (6E10 staining) amyloid (C and
D) in cortex of Tg2576 mice treated without (A and C) or with 20 pg/ml PMX205 (B and D)
in the drinking water for 12 wk (from age 12 to15 mo). Scale bar, 100 pm. E and F,
Quantification of thioflavine (E) or 6E10 (F) staining in cortex and hippocampus by image
analysis shows significant decreases in fibrillar amyloid (44%, p < 0.0006) and total amyloid
(29%, p < 0.03) in treated animals. Bars represent the group means + SEM of n animals per
condition (UT, n = 11; PMX205, n = 17).
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FIGURE 2.
PMX205 treatment significantly reduces reactive microglia and astrocytes. CD45 (A and B)

and GFAP (red)/thioflavine (green) (E and F) staining in the cortex of untreated (A and E)
and PMX205-treated (B and F) Tg2576 mice. Scale bar, 50 pm. Image analysis indicates
that PM X205 treatment caused a significant decrease of activated microglia (C) (49%, p <
0.002) and reactive astrocytes (G) in the proximity of the plaques (54%, p < 0.003). Bars
represent the group means + SEM from n animals per condition (UT, n = 11 and PMX205, n
= 17 for CD45; UT, n =5 and PMX205, n = 6 for GFAP). Correlation of thioflavine and
CD45 (D) or GFAP (H) staining in individual animals (R = 0.82, p <0.0001; R = 0.74, p <
0.01, respectively). Squares represent PMX205-treated animals; triangles represent untreated
animals.
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FIGURE 3.
PMX205 treatment decreases hyperphosphorylated tau in 3xTg mice. Representative images

of AT100 (phosphorylated Ser?12 and Thr214 tau) staining of the subiculum area of
hippocampus in female 3xTg mice that were treated with 20 pg/ml PMX205 in the drinking
water (B) or untreated (A) for 12 wk (from 17 to 20 mo). Scale bar, 50 um. C, Image
analysis of AT100 shows significantly lower immunoreactivity (69%, p < 0.02) in
antagonist-treated animals. Quantification of thioflavine (D) and CD45 (E) staining show a
significant reduction in thioflavine (49%, p < 0.05) and a trend for decrease in CD45 (42%,
p < 0.12) in PMX205-treated animals. Bars represent the group mean + SEM of n animals
(pooled from two independent trials) per condition (UT, n =9; PMX, n=9).
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FIGURE 4.
SYN immunoreactivity is higher in PMX205-treated Tg2576. Confocal fluorescent

microscopy of SYN immunostaining in the CA3a area of hippocampus of untreated (A) or
PMX205-treated (B) Tg2576 mice. C, Quantification of SYN immunostaining in CA3a and
CAZ3c areas of hippocampus indicates that there is a 33% (p < 0.03) increase in
immunolabelled area. Data are expressed as mean values + SEM of n animals per condition
(UT, n=4; PMX205, n = 7). Scale bar, 50 um.
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FIGURE 5.

Treatment with PMX205 reduces T-PER-insoluble amyloid. Cortices from PMX205-treated
and untreated Tg2576 mice were extracted first with T-PER buffer (C and D) and then the
insoluble pellet extracted with formic acid (A and B). Each fraction was analyzed for Afyg
and A/, and expressed as nanograms per milligram total brain protein. In the detergent-
insoluble, formic acid fraction, Ao and Afs, were reduced 21% and 43%, respectively, by
drug treatment (p = 0.198 and p = 0.272, respectively, calculated using an unpaired
Student’s t test after performing log transformation to account for group variance). Error
bars represent the group means + SEM of n animals per condition (UT, n = 6; PMX205, n =
10).
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FIGURE 6.
Cognitive function is improved following PMX205 treatment. A, Memory retention was

measured in 15-mo-old mice by their ability to recall an aversive stimulus given during
passive avoidance training 24 h earlier. UT Tg2576 mice displayed a significant reduction in
memory retention compared with wild-type (WT) mice (67.1 s vs 134 s, p < 0.04), and this
deficit was rescued after PMX205 treatment (130 s). Circles represent individual animals
(overlapping scores in each of the training groups and in the 24 h wild-type animals prevent
visualization of all individual animals). The p value was determined using an unpaired
Student’s t test. Error bars represent the + SEM of n animals (WT-UT, n = 14; WT +
PMX205, n = 8; Tg2576-UT, n = 8; Tg2576 + PMX205, n = 5). Correlation analysis
between cognitive performance and detergent-insoluble Ag, (B) and Apy, (C) levels in
hippocampus of PMX205-treated mice (h =5); R =-0.87, p=0.058 and R =-0.96, p <
0.01, respectively, using Pearson product moment correlation.
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