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Abstract

The complement system has been shown to regulate T cell activation and alloimmune responses in
graft-versus-host disease (GVHD). Mice deficient in the central component of complement system
C3 have significantly lower GVHD-related mortality/morbidity and C3 modulates Th1/Th17
polarization in mouse GVHD. To investigate whether anti-complement therapy has any impact on
human T cell activation, a drug candidate Compstatin was used to inhibit C3 activation in this
study. We found the frequency of IFN-y (Th1), IL-4 (Th2), IL-17 (Th17), IL-2 and TNF-a
producing cells were significantly reduced among activated CD4* cells in the presence of
Compstatin. Compstatin treatment decreased the proliferation of both CD4* and CD8* T cells
upon TCR stimulation. However, Compstatin does not affect the production of IL-2 and TNF-a in
activated CD8™" T cells, and the differentiation of CD8" T cells into distinct memory and effector
subsets remained intact. Furthermore, we examined complement deposition in the skin and lip
biopsy samples of patients diagnosed with cutaneous GVHD. C3 deposition was detected in the
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squamous epithelium and dermis, blood vessels and damaged sweat glands, and associated with
gland damage and regeneration. We conclude that C3 mediates Th1/Th17 polarization in human T
cell activation and skin GVHD in patients.

Introduction

Graft-verses-host disease (GVHD) is a major complication in allogeneic bone marrow
transplantation (allo-HSCT), and characterized by epithelial cell injury in skin, intestine and
liver (1-3). The development of GVHD involves donor T cell activation including
proliferation, differentiation and inflammatory cytokine production, which lead to specific
tissue damage (3-4). The interactions between the complement system and lymphocytes
have been shown to regulate alloreactive T cell and APC function in the setting of allograft
rejection (5-8). In recently published studies, we and others found complement proteins
regulate GVHD in mouse models of bone marrow transplantation (9-10).

There are three pathways that activate the complement system: the alternative, lectin and
classical pathways; all of which converge on the formation of the C3 convertase to
propagate the complement cascade. Complement system has been shown to control CD4* T
cell activation and differentiation (5-6). Various CD4* T cell subsets are essential regulators
of immune responses, and Th1/2/17 polarization are reported to regulate GVHD (3, 11).
Indeed, we demonstrated that reduced GVHD mortality/morbidity in C3-deficient mice is
associated with a decrease in donor Th1/Th17 polarization (9).

Previous studies described complement deposition in GVHD tissues from both mouse and
human (12-13). Furthermore, patients with sclerotic-type chronic GVHD (ScGVHD) have
significantly elevated C3 in the serum (14). Given the emerging role of complement in
alloimmune responses and T cell activation in animal models, it is important to address
whether C3 modulates human T cell activation, polarization, expansion and differentiation.
Compstatin is a 13-residue cyclic peptide that specifically binds to human C3 and inhibits
complement activation, thus a favorable precursor peptide for the development of an
anticomplement drug for oral use (15-16). Herein, we report that blocking C3 activation
with Compstatin significantly inhibits Th1/Th17 polarization in activated human CD4* T
cells. The production of IL-2 and TNF-a are reduced in CD4* but not in CD8* T cells.
Moreover, Compstatin treatment significantly decreases the proliferation of both CD4* and
CDS8 *T cells. To evaluate the relevance of complement activation in human GVHD, we
immunostained tissue samples, and found C3 deposition in the skin and lip biopsies of
patients diagnosed with cutaneous GVHD.
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Materials and Methods

Reagents

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coat preparations
derived from whole blood of healthy volunteer donors (Gulf Coast Regional Blood Center,
Houston, TX). The buffy coat was diluted with PBS at 1:2 ratio and centrifuged over
Histopaque-1077 (Sigma Diagnostics, St. Louis, MO) for 30 minutes. The PBMC interface
was collected and analyzed for purity by flow cytometry and frozen for future use.
Compstatin and peptide were purchased from R&D Systems (Minneapolis, MN). The
hydrolyzed sodium powder was dissolved in DMSO and stored as recommended by the
manufacturer.

Cytokine flow cytometry assay

Intracellular cytokine production was measured using 8-color 10-parameter cytokine flow
cytometry as described (17). Briefly, 1 hour after simulation, Brefeldin A was added to
enable accumulation of intracellular cytokines. Following 5 hours of incubation, cells were
fixed and permeabilized with Fix & Perm A/B (Caltag, Burlingame, CA) and assessed for
the simultaneous expression of surface markers and intracellular cytokines. FACS analyses
were performed using mAbs for human CD4 (5 ug/ml), CD8 (5 ug/ml), IL-2 (2.5 ug/ml),
IL-4 (2.5 ug/ml), IL-17 (2.5 ug/ml), TNF-a (1.5 ug/ml) and IFN-y (1.5 ug/ml) (BD
Pharmingen, San Jose, CA). After staining, cells were resuspended in PBS with 1%
paraformaldehyde, then analyzed by an LSR-II cytometer (BD, San Jose, CA) and FlowJo
software (Treestar, San Carlos, CA). At least 3x10° total events were analyzed with
sequential gating of PBMCs in a lymphocyte region (by scatter) and on T cells (by assessing
CD4" or CD8" staining). Gates defining cytokine-positive populations were based on the
upper limits of fluorescence of unstimulated cells stained with the same antibodies.

T cell proliferation and phenotyping assay

PBMCs were stimulated with anti-CD3 mAb (OKT3) plus CD28, or mixed in a 1:1 ratio
with irradiated allogeneic DCs in mixed lymphocyte reaction (MLR) as described (18). To
determine cell proliferation, T cells were labeled with CFSE and cell division was monitored
by using the FITC channel in a FACScanto |1 flow cytometer (BD Biosciences). Aliquots of
PBMCs were analyzed by 7-color flow cytometry using a panel of surface molecule specific
antibodies: CD4-APC (5 ug/ml), CD8-Pacific Blue (5 ug/ml), CD62L-APC/Cy7 (5 ug/ml),
CD45RA-PE/Cy5 (2.5 ug/ml) and CD45R0O-PE/Cy7 (2.5 ug/ml) (BD Pharmingen, San Jose,
CA). Analyses of CD8* T cell subsets were determined by assessing CD45RA and CD62L
surface markers.

Immunohistochemistry

Formalin-fixed paraffin-embedded sections were from biopsies retrieved from the GVHD
tissue repository at Fred Hutchinson Cancer Center and the Dermatology Department at
University of Texas Health Science Center at Houston. Anti-human C3 antibody (Abgent,
San Diego, CA) was validated for use in immunohistochemistry on 3 formalin-fixed,
paraffin-embedded human tissues. After incubation with the primary anti-human C3
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antibody at 3 ug/ml, slides were incubated with MACH2TM detection kit (Biocare Medical,
Concord, CA). The stained slides were evaluated by a pathologist to confirm staining
specificity and photographed by light microscopy.

Results

Blocking C3 activation with Compstatin significantly reduces Th1/Th17 polarization

In the mouse model of GVHD, we have shown that the decreased mortality/morbidity in C3-
deficient mice is associated with a decrease in donor Th1/Th17 polarization®. Using
Compstatin that specifically binds to human C3 and inhibits complement activation, we
further investigate the functional consequences of blocking C3 activation on human T cell
activation. The production of IFN-y (Th1), IL-4 (Th2), IL-17 (Th17), IL-2 and TNF-a was
determined simultaneously in five normal donor samples to examine whether Compstatin
affects T cell polarization upon activation. As shown in Figure 1 (A and B), the significantly
reduced frequency of Thl (18.1% vs. 28%), Th2 (8.84% vs. 13.6%), Th17 (25.2% vs. 41%),
IL-2 (6.49% vs. 15.9%) and TNF-a (12.4% vs. 17.2%) producing cells was observed in
CD4* T cells treated with 20 pg/ml Compsatin in comparison to control peptide-treated
samples. However, the frequency of IL-2 and TNF-a producing cells remained the same in
CD8™ T cells (Figure 1C and 1D). Taken together, these results demonstrated that blocking
C3 activation with Compstatin can inhibit Th1/Th17 polarization, and reduce IL-2 and TNF-
a, production only in activated CD4* but not CD8" T cells.

Blocking C3 activation with Compstatin significantly reduces human T cell proliferation

We examined the effect of Compstatin on the proliferation of both CD4* and CD8* T cells
using CFSE-labeled cells stimulated with OKT3 plus CD28 or allogeneic DCs in MLR. As
shown in Figure 2A, the frequency of divided cells was significantly reduced in the presence
of Compstain at the concentration of 20 ug/ml. Upon OKT3 plus CD28 activation, the
relative percentage of divided CD4* and CD8* T cells was decreased to 82.3% and 87.3% of
untreated samples respectively. The reduction of divided CD4* and CD8* T cell was also
observed in MLR with 82.6% and 62.4% of untreated samples respectively. Control peptide
had no inhibitory effect on both CD4* and CD8* T cell proliferation. Thus, Compstatin
inhibits the proliferation of CD4* and CD8* T cells upon TCR stimulation.

We further examined the effect of Compstatin on CD8" T cell differentiation upon
stimulation in vitro. CD8" T cells were classified into four distinct subsets based on
CD45RA and CD62L expression: a naive population, which is CD45RATCD62L*; a central
memory population, which is CD45RA~CD62L"; two effector memory populations, namely
the CD45RACD62L~ and the terminally differentiated CD45RA*CD62L " populations
(19-21). As shown in Figure 2B, the activated CD8* T cell compartment of untreated
control samples consisted of 11.2% naive (N), 21.4% central memory (CM), 52.5% effector
memory (EM), and 14.8% terminally differentiated (TD) CD8" T cells. Both Compstatin
and control peptide did not alter the distribution of these four subsets, and thus Compstatin
has no effect on CD8" T cell differentiation upon TCR stimulation.
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C3 deposition in human cutaneous GVHD tissues

We examined the degree of C3 deposition in the skin and lip samples retrieved from our
GVHD tissue repository of human allograft recipients. Total ten samples from skin and lip
that showed histological features of GVHD were selected and stained with anti-human C3
antibody. C3 deposition were present in all slides examined. As shown in Figure 3A,
representative example of skin GVHD tissues, C3 depositions were found in the squamous
epithelium and dermis (S-2459, S-2453, S-2476), blood vessels (S-2459, S-2476) and
damaged sweat glands (S-2476). Representative examples of the lip biopsy of GVHD
patient are shown in Figure 3B, with damaged salivary gland which resulted in the dry
mouth symptoms in patients (2, 18). C3 depositions were found in the lesion associated with
gland damage and regeneration (L-3303, L-3437, L-3371). Furthermore, damaged blood
vessels (L-3303, L-3302, L-3371, L-3305) were positive for C3 staining. In addition to the
association with ScGVHD patients (14), C3 has been reported to play a role in skin
inflammation in mice (22). Therefore, we examined C3 deposition in the skin lesion of
patients with eczematous dermatitis and psoriasis (Figure 3C). In eczematous dermatitis,
expression of C3 was found in the superficial papillary dermal capillary loops and focally in
the spinous layer (DP-11 5649, DP-11 5063). Focal dermal staining with strong C3
deposition was found along the follicular infundibulum and in superficial papillary dermal
capillary loops in psoriasis (DP-11 5365). Thus, C3 deposition is present in human
cutaneous GVHD tissues, and inflamed skin from eczematous dermatitis and plaque
patients.

Discussion

In the current study, we investigated the role of complement component C3 in human T cell
activation and its involvement in patients with skin GVHD. We demonstrated that inhibiting
C3 activation with Compstatin reduces cytokine production and Th1/Th17 polarization in
activated CD4" T cells. Although both CD4* and CD8* T cell proliferation decreased in the
presence of Compstatin, the cytokine production and differentiation of CD8* T cells remains
intact. In addition, we found C3 deposition in the skin and lip biopsies of human GVHD
patients, and the inflamed skin of dermatitis and psoriasis patients. Together, our data
indicated that C3 and complement pathway mediate alloimmune responses in human
GVHD.

During the last decade innate immunity has been shown to modulate adaptive immunity
through the interaction between the complement system and lymphocytes activation (5-8).
The central step of the complement cascade involves the cleavage of C3. Recently, we and
others have established the role of C3 and other complement products in GVHD mouse
models (9-10). To further investigate whether targeting complement system has potential
therapeutic impact on GVHD, we utilized a drug candidate Compstatin, a peptide that
specifically inhibits C3 activation (15-16). The decrease of Th1 and Th17 responses during
human CD4* T cell activation in the presence of Compstatin (Figure 1A and 1B)
recapitulates our previous observation in the mouse model, and thus affirms the hypothesis
and preclinical data that C3 modulates Th1/Th17 polarization and GVHD. In addition, we
found that Compstatin does not appear to affect the production of IL-2 and TNF-a in
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activated human CD8* T cells (Figure 1C and 1D). Furthermore, the differentiation of CD8*
T cells into distinct memory and effector subsets remained intact in the presence of
Compstatin (Figure 2B). Previous studies report that CD8* effector T cells are responsible
for GVL while the proliferation and differentiation of CD4* T cells contribute to GVHD (3,
23-26). Although the GVL effect was not evaluated in published mouse models (9-10), we
could cautiously speculate that it might be possible to target complement pathway including
blocking C3 activation to minimize GVHD without compromising the GVT effect in
patients.

We found C3 depositions in all skin and lip GVHD tissues examined, and associated with
damaged tissue and blood vessels (Figure 3A and 3B). The local production of complement
proteins by APCs including DCs in the tissues has been reported to play an important role in
immunoregulation (27-29). To determine whether C3 was produced by DCs resided in the
skin (Langerhans cells), we stained the skin and lip biopsies with Langerhans DC marker
CD1a (18). Although CD1a* epidermal Langerhans cells were abundant in five samples
examined, they were not associated with C3 staining (data not shown). Thus, C3 deposition
in human skin GVHD tissues is associated with tissue damage and blood vessels but not
with DCs.

In summary, our data provide preclinical evidence supporting that complement pathway
plays important roles in regulating T cell activation and GVHD. Activation of the
complement system is a major pathogenic event that drives various inflammatory responses
in numerous diseases, thus a highly promising target for drug development for the treatment
of currently intractable major human diseases. A number of drug candidates are rapidly
emerging that are currently being investigated in disease models and clinical trials (30).
Studies on complement system and GVHD will not only significantly advance our
knowledge of GVHD but also define a new function of the complement system in health and
diseases, and thus provide a rationale and pre-clinical data for using complement inhibitors
as novel therapeutic interventions for GVHD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Multiple cytokine production in activated human T cellsin the presence of Compstatin
PBMCs from five donors were activated in the presence of 20 ug/ml Compstatin or the

peptide control for 5-7 days. Intracellular cytokine production in CD4* (A-B) and CD8* (C-
D) T cells was measured. (A, C) FACS were performed using mAbs for CD4, CD8, IFN-y,
IL-4, IL-17 (Th17), IL-2 and TNF-a. Representative dot plots were presented and the
numbers in the quadrants represent the percentage of each population. Gates defining
cytokine-positive populations herein were based on the upper limits of fluorescence of
unstimulated cells stained with the same antibodies in Supplemental Figure 1. (B, D) Results
are shown as bar graphs representing means + S.D. of five independent donors normalized
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to that of untreated controls. P values were calculated using a t test comparing treated and
untreated samples (* is for P < 0.05).
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Figure 2. Effect of Compstatin on human T cell proliferation and differentiation
PBMCs labeled with CFSE were activated for 5-7 days in the presence of 20 pug/ml

Compstatin or the peptide control as indicated. (A) T cell proliferation was assessed by
CFSE dye dilution following sequential gating on lymphocytes (by scatter) and CD4™ or
CDS8™* T cells. The percentage of divided CD4* and CD8" T cells were summarized from
five independent donors activated by OKT3 plus CD28 or allogenic DCs in MLR. (B)
Phenotype analysis of CD8" T cell differentiation. A panel of surface antibodies including
CD45RA and CD62L were used to determine naive (N: CD45RA™ /CD62L™), central
memory (CM: CD45RA™ /CD62L*), effector memory (EM: CD45RA™ /CD62L7), or
terminal differentiated (TD: CD45RA* /CD62L ") subset. Representative dot plots were
presented and the numbers in the quadrants represent the percentage of each population.
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Results are shown as bar graphs representing means + S.D. of five independent donors
normalized to that of untreated controls. P values were calculated using a t test comparing
treated and untreated samples (* is for P < 0.05).
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Figure 3. C3 deposition in human cutaneous GVHD tissues and other skin disorders
Formalin-fixed paraffin-embedded sections from patient biopsies were stained with anti-

human C3 antibody. (A) Three representative skin biopsy samples from GVVHD patients
were shown: S-2459 (x200), S-2453 (x400), and S-2476 (x400). (B) Five representative lip
biopsy samples from GVHD patients were shown: L-3303 (x50), L-3437 (x200), L3302
(x200), L-3371 (x400, two-separated area) and L-3305 (x200, two-separated area). (C)
Three representative skin biopsy samples from patients with psoriasis and eczematous
dermatitis were shown: DP-11 5649 (x200), DP-11 5063 (x50) and DP-11 5365 (x400).
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