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Selective CD28
blockade impacts T cell
differentiation during
homeostatic reconstitution
following lymphodepletion

Jakob G. Habib, Danya Liu, Rebecca M. Crepeau,
Maylene E. Wagener and Mandy L. Ford*

Emory Transplant Center, Department of Surgery, Emory University School of Medicine, Atlanta,
GA, United States
Introduction: Costimulation blockade targeting the CD28 pathway provides

improved long-term renal allograft survival compared to calcineurin inhibitors

but may be limited as CTLA-4-Ig (abatacept, belatacept) blocks both CD28

costimulation and CTLA-4 coinhibition. Directly targeting CD28 while leaving

CTLA-4 intact may provide a mechanistic advantage. Fc-silent non-

crosslinking CD28 antagonizing domain antibodies (dAb) are currently in

clinical trials for renal transplantation. Given the current standard of care in

renal transplantation at most US centers, it is likely that lymphodepletion via

thymoglobulin induction therapy could be used in patients treated with CD28

antagonists. Thus, we investigated the impact of T cell depletion (TCD) on T cell

phenotype following homeostatic reconstitution in a murine model of skin

transplantation treated with anti-CD28dAb.

Methods: Skin from BALB/cJ donors was grafted onto C56BL/6 recipients

which were treated with or without 0.2mg anti-CD4 and 10mg anti-CD8 one

day prior to transplant and with or without 100mg anti-CD28dAb on days 0, 2, 4,

6, and weekly thereafter. Mice were euthanized six weeks post-transplant and

lymphoid cells were analyzed by flow cytometry.

Results: Anti-CD28dAb reversed lymphopenia-induced differentiation of

memory CD4+ T cells in the spleen and lymph node compared to TCD

alone. Mice treated with TCD+anti-CD28dAb exhibited significantly improved

skin graft survival compared to anti-CD28dAb alone, which was also improved

compared to no treatment. In addition, the expression of CD69 was reduced

on CD4+ and CD8+ T cells in the spleen and lymph node from mice that

received TCD+anti-CD28dAb compared to TCD alone. While a reduced

frequency of CD4+FoxP3+ T cells was observed in anti-CD28dAb treated

mice relative to untreated controls, this was balanced by an increased

frequency of CD8+Foxp3+ T cells that was observed in the blood and kidney

of mice given TCD+anti-CD28dAb compared to TCD alone.
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Discussion: These data demonstrate that CD28 signaling impacts the

differentiation of both CD4+ and CD8+ T cells during homeostatic

reconstitution following lymphodepletion, resulting in a shift towards fewer

activated memory T cells and more CD8+FoxP3+ T cells, a profile that may

underpin the observed prolongation in allograft survival.
KEYWORDS

costimulation blockade, T cell depletion, lymphodepletion, homeostatic
reconstitution, transplantation, alloimmunity
Introduction

Belatacept is the first costimulation blockade therapy

approved for use in the clinic for renal transplantation (1, 2).

It is comprised of a CTLA-4-Ig fusion protein that binds to

CD80 and CD86 on antigen presenting cells (APCs), preventing

CD28 costimulation on T cells. Costimulation blockade with

belatacept results in less nephrotoxicity, better kidney function,

and significantly improved long-term graft survival compared to

calcineurin inhibitors (3). However, treatment with belatacept is

also associated with increased rates and severity of acute

rejection (4). One potential cause for this may be due to the

lack of CTLA-4 coinhibition, as CTLA-4 on T cells also binds to

CD80 and CD86 on APCs but is blocked by belatacept. CTLA-4

functions to suppress T cell responses in both a cell intrinsic and

extrinsic manner and is differentially expressed on different T

cell subsets (5–8). CTLA-4 suppresses alloreactive responses in a

cell-intrinsic manner on CD8+ memory T cells (9) and Th17

cells, both of which have been shown to drive costimulation

blockade resistant rejection (10–13). On regulatory T cells

(Tregs), CTLA-4 provides non-redundant immunosuppressive

signals in a cell-extrinsic manner (14). Treg-specific CTLA-4

deficiency in mice leads to spontaneous development of systemic

lymphoproliferation and fatal T cell-mediated autoimmune

disease (15). Therefore, selectively blocking CD28 while

leaving CTLA-4 signaling intact may prove beneficial in a

transplant setting.

Recently, selective CD28 blockers such as the anti-CD28

domain antibody (dAb) lulizumab (BMS-931699) and anti-

CD28 Fab’ FR104 (VEL-101) have been developed (16). These

selective CD28 blockers have been shown to be equally able to

inhibit CD80-elicited T cell proliferation and five times more

potent at inhibiting CD86-elicited T cell proliferation as

compared to belatacept (17). Importantly, Fc-silent non-

crosslinking reagents do not elicit cytokine release, unlike the

earlier Fc-containing anti-CD28 TGN1412 (18, 19). These

reagents may also be more potent against alloimmune

responses than belatacept, yet are comparable to belatacept in

terms of their impact on CD8+ T cell protective immunity in a
02
murine EBV homolog model (20). Moreover, selective CD28

blockade attenuates CD8+ memory T cell effector function in a

CTLA-4-dependent manner during murine skin transplantation

(21). In a model of murine cardiac allotransplantation, Zhang

et al. (22) demonstrated that selective CD28 blockade attenuated

acute and chronic graft rejection which was dependent on the

preservation of CTLA-4 signaling. Using a single chain

monovalent non-activating reagent to block CD28 signaling

(sc28AT), Poirier et al. (23) showed that in nonhuman

primate models of renal and cardiac transplantation, selective

CD28 blockade synergized with calcineurin inhibitors to

improve the frequency and function of Tregs and prolong

graft survival. Further, Zhang et al. (24) demonstrated

improved cardiac allograft survival and reduced T cell

activation in nonhuman primates treated with sc28AT

induct ion fol lowed by anti-CD154 administrat ion.

Additionally, FR-104 was shown to prevent acute rejection in

nonhuman primate renal allografts, and to promote the

accumulation of Tregs in the blood and graft without the need

for steroids (16). This reagent has also been shown to be safe for

administration in humans (25).

Future clinical trials investigating the efficacy of selective

CD28 blockers during renal transplantation will likely include

induction therapy via administration of anti-thymocyte globulin

(ATG) (26, 27). The impact of selective CD28 blockade on T cell

depletion (TCD) and subsequent homeostatic reconstitution of

T cells is not known. Prlic et al. (28) found that CD28 signaling

was dispensable for the bulk reconstitution of CD4+ and CD8+ T

cells as measured by CFSE proliferation. While informative, this

study used CD28-knockout mice as opposed to the selective

anti-CD28dAb that is now available. In addition, the impact on

specific T cell subsets beyond bulk CD4+ and CD8+ T cell

populations, such as regulatory T cells and memory T cell

subsets, was not assessed. Thus, here we investigated the

impact of selective CD28 blockade on T cell phenotype

following TCD and homeostatic reconstitution in a murine

model of skin transplantation. We demonstrated that

CD28 signaling impacts the differentiation of both CD4+ and

CD8+ T cells during homeostatic reconstitution following
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lymphodepletion, resulting in a shift towards fewer activated

memory T cells in lymphoid organs and more CD8+Foxp3+ T

cells in the blood and kidney. This favorable immune profile is

accompanied by improved skin graft survival and suggests that

selective CD28 blockers could be efficacious at controlling

allograft rejection in patients in the context of T cell depletion.
Materials and methods

Mice

C57BL/6J and BALB/cJ mice were obtained from the

National Cancer Institute (Frederick, MD). All animals were

maintained in accordance with Emory University Institutional

Animal Care and Use Committee guidelines. All animals were

housed in specific pathogen-free animal facilities at

Emory University.
Skin transplantation and in vivo co-
stimulatory molecule blockade

Full-thickness BALB/cJ tail and ear skin grafts were

transplanted onto the dorsal thorax of recipient C57BL/6J mice

and secured with adhesive bandages as previously described (11).

Where indicated, mice were injected with 100µg anti-CD28 dAb

(Bristol-Myers Squibb) on days 0, 2, 4, 6, and weekly thereafter

until the mice were sacrificed on day 42. For T cell depletion

experimental groups, 0.2mg of anti-CD4 (clone GK1.5) and 10mg
of anti-CD8 (clone 2.43; both from BioXcell) were administered

one day prior to skin transplantation.
Intravascular labeling and
tissue processing

Blood was collected weekly to assess T cell phenotype and

absolute count. On day 42 prior to organ harvest, mice were

intravenously injected with 1.5µg of anti-CD4-BV650 and anti-

CD8a-BV650 antibody 2 minutes before euthanasia to label

circulating blood cells. The spleen, axillary lymph nodes, bone

marrow, kidneys, liver, lungs, and blood were then procured.

Kidney and lung samples were chopped and digested for 30

minutes at 37˚C with 2mg/ml Collagenase (type 4, Sigma-

Aldrich) and 50µg/ml DNAse (ThermoFisher) in HBSS.

Digested lungs were then homogenized, filtered, and washed

in FACS buffer (PBS with 2% FBS). Livers were homogenized

manually, filtered through 40mm strainers, and spun lightly at

300rpm to pellet the hepatocytes. The liver supernatant and

digested kidneys were resuspended in a 40% Percoll solution,

overlaid on 70% Percoll, and spun at 2000rpm for 20 minutes

with the brake off. The buffy coats were isolated and washed in
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FACS buffer. Bone marrow from tibia and fibula were flushed

with a 21-gauge needle using PBS and homogenized into single

cell suspensions. Spleens and lymph nodes were processed into

single cell suspensions, and blood, spleen, and bone marrow

were lysed with Fixative-Free Lysing Solution following

manufacturer’s instructions (Invitrogen). Each tissue was then

washed in FACS buffer and stained with antibodies for

flow cytometry.
Flow cytometry

For phenotypic analysis, cells were surface-stained with:

TIGIT-BV421, CD103-BV605, CD69-BV711, PD-1-BV786,

CD28-FITC, CD49d-PE, CD122-PE-Cy7, DNAM-1 (CD226)-

APC, CX3CR1-Alexa700, CD27-APC-Cy7, CTLA-4 (CD152)-

BV421, TIM3-BV605, OX40-BV711, CD8-BV786, 2B4

(CD244)-FITC, CD62L-PerCP-Cy5.5, ICOS-PE-Dazzle, CD43-

PE-Cy7, CD44-Alexa700, CD25-APC-Cy7 (BioLegend), CD8-

PacOrange, CD127-APC (ThermoFisher), CD4-BUV395,

CXCR3-BV510 (BD). For Fc staining, cells were incubated

with biotinylated CD16/CD32 (2.4G2, BD Biosciences),

washed twice, and stained with streptavidin-PerCP-Cy5.5

(BioLegend). For transcription factor staining, cells were

permeabilized using a FoxP3/transcription factor kit

(Invitrogen) and stained with FoxP3-PE (ThermoFisher).

Absolute numbers were calculated using CountBright Absolute

Counting Beads according to the manufacturer’s instructions

(ThermoFisher). Samples were analyzed on an LSRFortessa flow

cytometer (BD). Data were analyzed using FlowJo software

(Tree Star).
Statistical analysis

Two-way ANOVA with multiple comparisons was

performed when comparing multiple groups. Survival data

were plotted on Kaplan-Meier curves, and a log-rank (Mantel-

Cox) test was performed. All analyses were done using

GraphPad Prism version 9.4.1 for Mac, GraphPad Software,

San Diego, California USA. In all legends and figures, mean ± SD

is shown, and *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
Results

Selective CD28 blockade reverses
lymphopenia-induced differentiation of
memory CD4+ T cells in the spleen and
lymph node

To investigate the impact of selectiveCD28blockadeon immune

reconstitution following T cell depletion (TCD) in the setting of
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https://doi.org/10.3389/fimmu.2022.1081163
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Habib et al. 10.3389/fimmu.2022.1081163
transplantation, C57BL/6 mice were randomized to receive either

vehicle controls or anti-CD4 and anti-CD8 depleting antibody one

day prior to receiving a fully MHC-mismatched BALB/c skin graft.

Following transplantation, mice in each group were further

randomized to receive either no further treatment or anti-

CD28dAb (Figure 1A). Flow cytometric analysis of peripheral

blood was used to monitor T cell depletion on the day of
Frontiers in Immunology 04
transplantation and blood was drawn weekly to monitor the

kinetics of T cell reconstitution (Figures 1A–G). Results indicated

that across the majority of timepoints, the frequencies of

reconstituted CD4+ and CD8+ T cells among CD3+ cells were

largely unaffected by CD28 blockade (Figure 1C). The exception to

this was the fact that the absolute count of CD4+ T cells was reduced

on day 21 post-transplantation in theTCD+anti-CD28dAb group as
D

A

B
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C

FIGURE 1

Selective CD28 blockade reverses lymphopenia-induced differentiation of memory CD4+ T cells in the lymph node. (A) Fully MHC-mismatched
skin from BALB/c donors were grafted onto C57BL/6 recipients. Recipients were treated with or without 0.2mg anti-CD4 and 10mg anti-CD8
one day prior to transplant and with or without 100mg anti-CD28dAb on days 0, 2, 4, 6, and weekly thereafter. Mice were euthanized six weeks
post-transplant and lymphoid cells from the blood, lymph node, spleen, bone marrow, kidney, liver, and lung were analyzed by flow cytometry.
Immediately prior to euthanasia fluorescently labeled anti-CD4 and anti-CD8 antibody were administered IV to label circulating T cells. (B)
Representative flow cytometry plots of CD4+ and CD8+ T cells on day 21 in the blood. (C) Frequency of CD4+ and CD8+ T cells in the blood
over time. (D) Left, absolute count of CD4+ T cells per mL of blood over time. Right, absolute count of CD4+ T cells at day 21 and day 42. (E)
Left, absolute count of CD8+ T cells per mL of blood over time. Right, absolute count of CD8+ T cells at day 21 and Day 42. (F) Proportion of
CD44 expressing CD4+ and CD8+ T cells in the blood over time. (G) Proportion of CD44 expressing CD4+ and CD8+ T cells in the blood at day
21 and in the blood, spleen, and lymph node at day 42. Experiment shown is representative of 2 independent experiments with a total of 8-10
mice per group. *p < 0.05, **p < 0.01, ***p < 0.001, ****P < 0.0001 by one way ANOVA correcting for multiple comparisons.
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compared to TCD alone (p<0.05), but was no different by day 42,

indicating thatCD4+T cell reconstitution is delayed in the absence of

CD28 signaling but ultimately not inhibited (Figure 1D). No

differences in the reconstitution kinetics of CD8+ T cells between

the TCD alone and the TCD+anti-CD28dAb groups were observed

(Figure1E). Interestingly, the absolute countof bothCD4+andCD8+

Tcells remained lower in theTCDgroups compared tonon-depleted

groups, regardless of CD28 blockade status (Figures 1D, E).

While no differences in the magnitude of the CD4+

(Figure 1D) and CD8+ T cell compartments (Figure 1E) were

observed following T cell reconstitution in the presence or

absence of selective CD28 blockade, we next sought to

determine if selective CD28 blockade impacted memory T cell

phenotype under these conditions. Results indicated that at the

earlier timepoint (day 21), TCD resulted in increased

frequencies of CD44+ effector/memory T cells within both

CD4+ and CD8+ T cell compartments (p<0.0001 for both)

(Figure 1G). At day 21 for CD8+ T cells, selective CD28

blockade of TCD-treated animals resulted in a significant

reduction in the frequency of CD44+ effector/memory T cells

(p<0.0001). This finding was also observed within the CD4+ T

cell compartment but at the later timepoint (day 42), in that

selective CD28 blockade of TCD-treated animals resulted in a

significant reduction in the frequency of CD44+ effector/

memory CD4+ T cells in both the spleen (p=0.021) and lymph

node (p=0.042) (Figure 1G). Overall, these results indicate that T

cell depletion results in an increased frequency of effector/

memory CD44+ T cells within both the CD4+ and CD8+ T cell

compartments, an effect which is mitigated by the addition of

selective CD28 blockade at d21 in the blood for CD8+ T cells and

at d42 in secondary lymphoid organs for CD4+ T cells.
Selective CD28 blockade during T cell
lymphodepletion and reconstitution
improves skin graft survival and reduces
expression of CD4+ T cell activation and
senescence markers

To assess the impact of TCD on anti-CD28dab mediated

graft survival, full-thickness MHC-mismatched skin grafts were

performed as described above and graft survival was monitored

for six weeks. While skin grafts in groups treated solely with

anti-CD28dAb exhibited increased survival relative to untreated

animals (median survival time [MST] 26 days vs. 19 days,

p=0.016), the combination of TCD+anti-CD28dAb further

improved skin graft survival compared to no treatment (MST

37 days, p=0.006, Figure 2A). To investigate the combined

impact of anti-CD28dAb and TCD on immune activation, the

proportion of CD69+ T cells among CD4+ and CD8+ T cell

populations in the spleen and lymph node was examined

(Figures 2B, C). Results demonstrated a reduced frequency of

CD69-expressing CD4+ T cells in the spleen and lymph node in
Frontiers in Immunology 05
animals treated with anti-CD28dAb versus animals that did not

receive the blockade, both in the presence and absence of TCD

(Figure 2C). A similar trend was observed within the CD8+ T cell

compartment, though in the spleen no differences in CD69-

expressing CD8+ T cells were observed between the no treatment

group and the anti-CD28dAb treated group (Figure 2C).

Next, to investigate the impact of TCD and selective CD28

blockade on T cell senescence, the expression of the coinhibitory

receptors PD-1 and TIGIT were investigated (Figure 2D). In

general, anti-CD28dAb treatment reduced the expression of

both PD-1 and TIGIT on CD4+ T cells, both in the presence

and absence of T cell depletion (Figure 2D). No difference was

observed in the expression of PD-1 or TIGIT on CD8+ T cells

between any of the groups (data not shown). Taken together,

these results suggest that TCD combined with CD28 blockade

improves skin graft survival, and that anti-CD28dAb reduces

CD4+ T cell activation and expression of the coinhibitory

receptors PD-1 and TIGIT.
Selective CD28 blockade reduces the
frequency of CD4+ and CD8+ TRM in the
kidney in the absence of T cell
lymphopenia-induced reconstitution

Given the above results which demonstrate the impact

of selective CD28 blockade on the homeostatic reconstitution

of circulating memory CD4+ T cells following TCD, the impact of

selective CD28 blockade on the tissue resident memory T cell

(TRM) compartment was subsequently investigated, as this subset

has been recently identified as a mediator of allograft rejection

(29). To distinguish between circulating and tissue resident T

cells, 1.5µg of fluorescently-labeled anti-CD4 and anti-CD8 were

injected into the tail vein of each animal 2-3 minutes prior to

euthanasia. Upon flow cytometric analysis of homogenized

kidney, circulating CD4+ and CD8+ T cells stain positively for

this IV label, while tissue resident cells are negative (Figure 3A).

Tissue resident memory T cells can be identified by their

expression of CD69 with additional subsets, particularly CD8+ T

cells, co-expressing CD103 (30–36). In contrast to the clear

impact of TCD and homeostatic reconstitution on the

frequencies of circulating memory T cells (Figure 1G), TCD did

not significantly impact the frequency of CD69+CD103+ TRM

within either the CD4+ or CD8+ T cell compartment in the

kidney. Administration of anti-CD28dAb in the absence of TCD

resulted in a significant reduction in the frequency of

CD69+CD103+ CD4+ (p=0.001) and CD8+ (p=0.005) T cells in

the kidney (Figure 3B). In groups that received anti-CD28dAb in

the setting of T cell homeostatic reconstitution, there was no

difference in the frequency of CD69+CD103+ among CD4+ or

CD8+ T cells compared to groups that received TCD alone

(Figure 3B). As CD69+CD103- TRM have been described,

particularly among CD4+ T cells (37–40), the frequency of
frontiersin.org
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CD69+CD103- TRM was further investigated. In the kidney, the

frequency of CD4+CD69+CD103- T cells was elevated (p=0.0103)

in the group that received anti-CD28dAb in the setting of T cell

homeostatic reconstitution compared to the group that received

TCD alone (Figure 3C). There were no differences in the

frequencies of CD8+CD69+CD103- T cells among any of the

groups in the kidney (Figure 3C). Moreover, the frequency of PD-

1 expressing CD4+ and CD8+ T cells in the kidney (p=0.0002,

p=0.047) were reduced in the groups that received anti-CD28dAb

compared to the no treatment groups (Figure 3D).
Selective CD28 blockade reduces the
frequency of FoxP3+ CD4+ T cells but
increases the frequency of FoxP3+ CD8+

T cells following T cell homeostatic
reconstitution

Seminal studies have shown that CD4+FoxP3+ Tregs require

CD28 signaling for homeostatic maintenance and survival (41).

As such, we sought to determine the impact of selective CD28

blockade on CD4+FoxP3+ Tregs during homeostatic
Frontiers in Immunology 06
reconstitution following transplantation. Animals treated with

anti-CD28dAb exhibited reduced frequencies of FoxP3+ cells

among CD4+ T cells in the blood, lymph node, spleen, kidney,

liver, and lung (Figures 4A, B), confirming the requirement of

CD28 signaling for Treg maintenance.

There has been growing interest in CD8+ FoxP3+ T cells as

potential mediators of immunological tolerance (42–45). Thus, the

impact of selective CD28 blockade on this subset was investigated

in the setting of transplantation and immune reconstitution. It was

found that in contrast to the effect of selective CD28 blockade on

CD4+Foxp3+ Tregs, animals treated with anti-CD28dAb in the

setting of TCD actually exhibited an increased frequency of CD8+

Foxp3+ T cells in the blood and kidney (Figures 4C, D).
CD8+ FoxP3+T cells exhibit distinct cell
surface expression profiles compared
to CD4+FoxP3+ T cells in the blood
and kidney

The phenotype of FoxP3+ T cells in groups that received TCD

and received anti-CD28dAb were further explored by comparing
D

A B

C

FIGURE 2

Selective CD28 blockade during T cell lymphodepletion and reconstitution improves skin graft survival and reduces expression of CD4+ T cell
activation and senescence markers. (A) Median survival time of skin grafts was 19 days with no treatment (No Rx), 26 days for CD28dAb alone,
and 37 days for CD28dAb+TCD. *p<0.05, **p < 0.01 by Mantel-Cox log-rank test. (B) Representative flow cytometric data depicting the
frequency of CD69+CD4+ and CD69+CD8+ T cells in the lymph node at day 42. (C) Frequency of CD69+ CD4+ and CD8+ T cells in the spleen
and lymph node at day 42. (D) MFI of PD-1 and TIGIT on CD4+ T cells in the spleen, lymph node, and bone marrow at day 42. Experiment
shown is representative of 2 independent experiments with a total of 8-10 mice per group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
by one way ANOVA correcting for multiple comparisons.
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the expression of several cell surface markers on FoxP3- versus

FoxP3+ cells within both the CD4+ and CD8+ T cell

compartments (Figures 5A, B). In the blood, CD4+ and CD8+

FoxP3+ T cells expressed higher levels of CD25, ICOS, and OX40

compared with CD4+ and CD8+ FoxP3- T cells. Additionally,

CXCR3, CD44, TIM3, and CD43 were more highly expressed on

CD8+FoxP3+ T cells than on CD8+FoxP3- T cells or on

CD4+FoxP3+ T cells (Figure 5A). In kidney resident cells,

CD25 was more highly expressed on CD8+FoxP3+ T cells

compared to CD8+FoxP3- and CD4+FoxP3+ T cells. ICOS was

elevated on CD4+FoxP3+ and CD8+FoxP3+ T cells compared to

CD4+FoxP3- and CD8+FoxP3- T cells. CXCR3 was elevated on

CD8+ FoxP3+ T cells compared to CD8+FoxP3- T cells (p=0.020).

CD44 expression was decreased on CD4+FoxP3+ T cells

compared to CD4+FoxP3- T cells (p=0.020) and was further

decreased on CD8+ FoxP3- T cells compared to CD4+FoxP3- T

cells (p=0.001). There was no difference in the expression of

OX40, TIM3, or CD43 on FoxP3- vs FoxP3+ T cells in the kidney.

CTLA-4 was elevated on CD4+ FoxP3+ and CD8+ FoxP3+ T cells

compared to CD4+ FoxP3- and CD8+ FoxP3- T cells. (Figure 5B).
Frontiers in Immunology 07
Discussion

The aim of this study was to understand the effect of CD28

blockade on the immune system during TCD and immune

reconstitution in the setting of transplantation. The role of

CD28 on T cell homeostatic proliferation has been

investigated in the past by Prlic et al. Using CD28 knockoout

mice, their group revealed that CD28 costimulation was

dispensible for homeostatic expansion of CD4+ and CD8+ T

cells (28). Results from our study are largely consistant with this

finding, though we did observe a small impact of CD28 blockade

on the early kinetics of CD4 T cell reconstitution which may be

due to the fact that we tracked the absolute count of T cells rather

than the number of divisions (Figure 1D). It has also been

established that TCD induces a transient memory-like

phenotype in naïve T cells, marked by upregulation of CD44

(46–48). Our study reveals that CD28 blockade prevents

homeostatically proliferated T cells from acquring this CD44+

memory phenotype , which might help to prevent

allorejection (49).
A

B C D

FIGURE 3

Selective CD28 blockade reduces the frequency of CD4+ and CD8+ TRM in the kidney but not during T cell lymphopenia-induced
reconstitution. (A) Flow cytometric gating strategy to identify tissue resident T cells in the kidney. (B) Frequency of tissue resident CD69+CD103+

CD4+ and CD8+ T cells in the kidney at day 42. (C) Frequency of tissue resident CD69+CD103- CD4+ and CD8+ T cells in the kidney at day 42.
(D) Frequency of PD-1+ resident CD4+ and CD8+ T cells in the kidney day 42. N=3-5 mice per group. *p < 0.05, **p < 0.01, ***p < 0.001, by
one way ANOVA correcting for multiple comparisons.
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D

A

B

C

FIGURE 4

Selective CD28 blockade reduces the frequency of FoxP3+ CD4+ T cells but increases the frequency of FoxP3+ CD8+ T cells following T cell
homeostatic reconstitution. (A) Representative flow cytometric data depicting the frequency of FoxP3+CD4+ T cells in the blood and kidney at
day 42 (B) Frequency of FoxP3+CD4+ T cells in the blood, lymph node, spleen, kidney, liver, and lung at day 42. (C) Representative flow
cytometric data depicting the frequency of FoxP3+CD8+ T cells in the blood and kidney at day 42. (C) Frequency of FoxP3+CD8+ T cells in the
blood, lymph node, spleen, kidney, liver, and lung at day 42. Experiment shown is representative of 2 independent experiments with a total of 8-
10 mice per group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, by one way ANOVA correcting for multiple comparisons.
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ATG induction therapy is routinely used in the clinic to

deplete donor-reactive immune cells. While in this study we

utilize antibodies directed against CD4+ and CD8+ T cells to

investigate the effect of TCD and homeostatic reconstitution,

ATG is known to have more widespread effects on the immune
Frontiers in Immunology 09
system. Beyond TCD, ATG induces the apoptosis of B cells,

modulates surface molecules that mediate leukocyte

interactions, and induces the expansion of Tregs ex vivo (50).

In mice, naïve T cells are more susceptible to ATG-mediated

depletion than memory and effector T cells, with CD4+ T cells
A

B

FIGURE 5

FoxP3+CD8+ T cells exhibit distinct cell surface expression profiles compared to FoxP3+CD4+ T cells in the blood and kidney. (A) Representative
flow cytometric data of the indicated cell surface proteins expressed on total CD4+ and CD8+ T cells in the blood stratified by FoxP3
expression. (B) Representative flow cytometric data of the indicated cell surface proteins expressed on tissue resident CD4+ and CD8+ T cells in
the kidney stratified by FoxP3 expression. Experiment shown is representative of 2 independent experiment with a total of 8-10 mice per group.
*p < 0.05, **p < 0.01, ***p < 0.001, ****P < 0.0001 by one way ANOVA correcting for multiple comparisons.
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being more resistant to depletion than CD8+ T cells (51, 52).

Therefore, it is possible that ATG induction therapy could

influence the immune landscape during CD28 blockade in a

different manner than anti-CD4/anti-CD8-mediated depletion.

It has been well established that CD4+FoxP3+ Tregs require

CD28 signaling for thymic development and homeostatic

maintenance. While we found that the frequency of

CD4+FoxP3+ Tregs was reduced in the anti-CD28dAb treated

groups, it has been previously demonstrated that these Tregs are

still able to effectively function through preserved CTLA-4

signaling (14, 53). We show that in the kidney, CD4+ and

CD8+ FoxP3+ T cells express greater amounts of CTLA-4 than

CD4+ and CD8+ FoxP3- T cells, so it may follow that they are

also governed by CD28 signaling. Nonobese diabetic (NOD)

mice that lack CD28 signaling are deficient in CD4+ Tregs which

results in exacerbated onset of spontaneous diabetes (54). Tang

et al. (55) demonstrated that CD28 signaling affects CD4+ Treg

homeostasis both directly by upregulating CD25 expression on

these cells and indirectly by inducing IL-2 production by

conventional T cells, which in turn provides survival signals to

Tregs. Furthermore, studies utilizing CTLA-4-Ig (abatacept) to

treat type 1 diabetes and rheumatoid arthritis have shown a

reduction in the frequency of CD4+ Tregs in these patients (56,

57). Our findings in the CD4+Foxp3+ Treg compartment are

consistent with these results. However, the requirement for

CD28 signaling on CD8+Foxp3+ T cells has not been well

studied, and our results suggest that in contrast to CD4+

Tregs, CD8+ Foxp3+ T cells exhibit a reduced requirement for

CD28 signaling and are therefore not negatively impacted by

CD28 blockade in vivo in the setting of transplantation.

Not only did we find that CD28 blockade did not inhibit the

survival of CD8+ Tregs, instead, in the context of TCD, CD28

blockade actually promoted the expansion or accumulation of

this population. Previous studies using RNA-silencing

experiments have shown that CD8+Foxp3+ T cells exhibit

suppressive function; specifically that FOXP3-knock down on

CD8+ T cells significantly reduces their ability to suppress both

CD4+ T cell proliferation and the production of autoantibodies

(58). Moreover, previous reports have shown that CD8+FoxP3+

T cells express CD25, CTLA-4, and ICOS (43, 59–62), findings

which are supported by our data in the context of TCD and

transplantation. These surface receptors have been shown to

contribute to the functional suppressive activity of both CD4+

and CD8+ regulatory T cells (43, 59, 63–65). For example, one

study found that CD8+FoxP3+ T cells inhibit the upregulation of

costimulatory molecules on dendritic cells, suppress CD4+ and

CD8+ T cell proliferation, and, following adoptive transfer,

protect full MHC mismatched skin allografts from rejection

(43). Moreover, CD8+FoxP3+ T cells have been shown to be

induced to differentiate from CD8+FoxP3- T cells via exposure to

TGF-b and TCR stimulation (61). While CD8+FoxP3+ cells are

typically present at frequencies much lower than their

CD4+FoxP3+ counterparts, a previous study reported that
Frontiers in Immunology 10
frequencies of CD8+FoxP3+ T cells were increased in RA

patients treated with T cell depletional therapy (59), a finding

which is in line with our results. Whether the increased

frequency of CD8+FoxP3+ T cells that we observe in the blood

and kidney during CD28 blockade following TCD and

homeostatic reconstitution are induced pharmacologically or

are naturally occurring, and the specific suppressive capacity of

these cells in this setting, remains to be elucidated.

One population of T cells that may be differently impacted

by TCD during selective CD28 blockade is TRM. These cells are

characterized by their expression of CD69 and CD103 (30, 31),

and it has been shown that lymphopenia-induced naïve T cells

can traffic to tissues and differentiate into memory T cells (46,

66). TRM have been identified as key mediators of allograft

rejection (52) and it has been shown in a murine kidney

transplant model that treatment with cyclosporine does not

prevent CD8+ T cells from acquiring a TRM phenotype (29). In

human transplant nephrectomies, both donor and recipient

derived TRM have been found in transplanted kidneys, with

donor derived TRM found in early acutely rejected allografts

and recipient derived TRM found in later chronically rejected

kidney allografts (67). Another study found the PD-1/PD-L1

pathway to be important for regulating the effector function of

TRM in the human pancreas (68). In the kidney we found that

anti-CD28dAb alone reduced the frequency of resident PD-1+

CD4+ and CD8+ T cells compared to no treatment, but not

following homeostatic reconstitution. This preserved PD-1

expression suggests that kidney resident CD4+ and CD8+ T

cells may be more susceptible to immune regulation via PD-L1

during TCD+CD28dAb. While we observed that selective

CD28 blockade alone reduced the frequency of CD4+ and

CD8+ TRM in the kidney compared to no treatment, the fact

that this was not seen following T cell reconstitution may

indicate a reduced susceptibility of this compartment to the

effects of CD28dAb.

Taken together, these data support the utilization of

combined TCD and selective CD28 blockade to prevent

allograft rejection. The emergence of a population of

CD8+FoxP3+ T cells with a cell surface expression profile

distinct from CD4+FoxP3+ T cells might have implications in

transplantation and warrants further investigation.
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et al. CD8+CD103+ tumor-infiltrating lymphocytes are tumor-specific tissue-
resident memory T cells and a prognostic factor for survival in lung cancer
patients. J Immunol (2015) 194(7):3475–86. doi: 10.4049/jimmunol.1402711

38. Franciszkiewicz K, Le Floc'h A, Boutet M, Vergnon I, Schmitt A, Mami-
Chouaib F. CD103 or LFA-1 engagement at the immune synapse between cytotoxic
T cells and tumor cells promotes maturation and regulates T-cell effector functions.
Cancer Res (2013) 73(2):617–28. doi: 10.1158/0008-5472.CAN-12-2569

39. Le Floc'h A, Jalil A, Franciszkiewicz K, Validire P, Vergnon I, Mami-
Chouaib F. Minimal engagement of CD103 on cytotoxic T lymphocytes with an e-
cadherin-Fc molecule triggers lytic granule polarization via a phospholipase
cgamma-dependent pathway. Cancer Res (2011) 71(2):328–38. doi: 10.1158/
0008-5472.CAN-10-2457

40. Le Floc'h A, Jalil A, Vergnon I, Le Maux Chansac B, Lazar V, Bismuth G,
et al. Alpha e beta 7 integrin interaction with e-cadherin promotes antitumor CTL
activity by triggering lytic granule polarization and exocytosis. J Exp Med (2007)
204(3):559–70. doi: 10.1084/jem.20061524

41. Zhang R, Huynh A, Whitcher G, Chang J, Maltzman JS, Turka LA. An
obligate cell-intrinsic function for CD28 in tregs. J Clin Invest (2013) 123(2):580–
93. doi: 10.1172/JCI65013

42. Joeris T, Gomez-Casado C, Holmkvist P, Tavernier SJ, Silva-Sanchez A,
Klotz L, et al. Intestinal cDC1 drive cross-tolerance to epithelial-derived antigen via
induction of FoxP3(+)CD8(+) t(regs). Sci Immunol (2021) 6(60):eabd3774. doi:
10.1126/sciimmunol.abd3774

43. Lerret NM, Houlihan JL, Kheradmand T, Pothoven KL, Zhang ZJ, Luo X.
Donor-specific CD8+ Foxp3+ T cells protect skin allografts and facilitate induction
of conventional CD4+ Foxp3+ regulatory T cells. Am J Transpl (2012) 12(9):2335–
47. doi: 10.1111/j.1600-6143.2012.04120.x

44. Manavalan JS, Kim-Schulze S, Scotto L, Naiyer AJ, Vlad G, Colombo PC,
et al. Alloantigen specific CD8+CD28– FOXP3+ T suppressor cells induce ILT3+
Frontiers in Immunology 12
ILT4+ tolerogenic endothelial cells, inhibiting alloreactivity. Int Immunol (2004) 16
(8):1055–68. doi: 10.1093/intimm/dxh107

45. Kiniwa Y, Miyahara Y, Wang HY, Peng W, Peng G, Wheeler TM,
et al. CD8+ Foxp3+ regulatory T cells mediate immunosuppression in prostate
cancer. Clin Cancer Res (2007) 13(23):6947–58. doi: 10.1158/1078-0432.CCR-
07-0842

46. Goldrath AW, Bogatzki LY, Bevan MJ. Naive T cells transiently acquire a
memory-like phenotype during homeostasis-driven proliferation. J Exp Med (2000)
192(4):557–64. doi: 10.1084/jem.192.4.557

47. Murali-Krishna K, Ahmed R. Cutting edge: naive T cells masquerading
as memory cells. J Immunol (2000) 165(4):1733–7. doi: 10.4049/jimmunol.165.
4.1733

48. Sener A, Tang AL, Farber DL. Memory T-cell predominance following T-
cell depletional therapy derives from homeostatic expansion of naive T cells. Am J
Transpl (2009) 9(11):2615–23. doi: 10.1111/j.1600-6143.2009.02820.x

49. Bingaman AW, Farber DL. Memory T cells in transplantation: Generation,
function, and potential role in rejection. Am J Transpl (2004) 4(6):846–52. doi:
10.1111/j.1600-6143.2004.00453.x

50. Mohty M. Mechanisms of action of antithymocyte globulin: T-cell depletion
and beyond. Leukemia (2007) 21(7):1387–94. doi: 10.1038/sj.leu.2404683

51. Ayasoufi K, Yu H, Fan R, Wang X, Williams J, Valujskikh A. Pretransplant
antithymocyte globulin has increased efficacy in controlling donor-reactive
memory T cells in mice. Am J Transpl (2013) 13(3):589–99. doi: 10.1111/ajt.12068

52. Benichou G, Gonzalez B, Marino J, Ayasoufi K, Valujskikh A. Role of
memory T cells in allograft rejection and tolerance. Front Immunol (2017) 8. doi:
10.3389/fimmu.2017.00170

53. Takahashi T, Tagami T, Yamazaki S, Uede T, Shimizu J, Sakaguchi N, et al.
Immunologic self-tolerance maintained by CD25(+)CD4(+) regulatory T cells
constitutively expressing cytotoxic T lymphocyte-associated antigen 4. J Exp Med
(2000) 192(2):303–10. doi: 10.1084/jem.192.2.303

54. Salomon B, Lenschow DJ, Rhee L, Ashourian N, Singh B, Sharpe A, et al. B7/
CD28 costimulation is essential for the homeostasis of the CD4+CD25+
immunoregulatory T cells that control autoimmune diabetes. Immunity (2000)
12(4):431–40. doi: 10.1016/S1074-7613(00)80195-8

55. Tang Q, Henriksen KJ, Boden EK, Tooley AJ, Ye J, Subudhi SK, et al.
Cutting edge: CD28 controls peripheral homeostasis of CD4+CD25+ regulatory T
cells. J Immunol (2003) 171(7):3348–52. doi: 10.4049/jimmunol.171.7.3348

56. Edner NM, Heuts F, Thomas N, Wang CJ, Petersone L, Kenefeck R,
et al. Follicular helper T cell profiles predict response to costimulation blockade
in type 1 diabetes. Nat Immunol (2020) 21(10):1244–55. doi: 10.1038/s41590-020-
0744-z

57. Pieper J, Herrath J, Raghavan S, Muhammad K, van Vollenhoven R,
Malmström V. CTLA4-ig (abatacept) therapy modulates T cell effector functions
in autoantibody-positive rheumatoid arthritis patients. BMC Immunol (2013) 14
(1):34. doi: 10.1186/1471-2172-14-34

58. Singh RP, La Cava A, Wong M, Ebling F, Hahn BH. CD8+ T cell-mediated
suppression of autoimmunity in a murine lupus model of peptide-induced immune
tolerance depends on Foxp3 expression. J Immunol (2007) 178(12):7649–57. doi:
10.4049/jimmunol.178.12.7649

59. Churlaud G, Pitoiset F, Jebbawi F, Lorenzon R, Bellier B, Rosenzwajg M,
et al. Human and mouse CD8(+)CD25(+)FOXP3(+) regulatory T cells at steady
state and during interleukin-2 therapy. Front Immunol (2015) 6:171. doi: 10.3389/
fimmu.2015.00171

60. Beres AJ, Haribhai D, Chadwick AC, Gonyo PJ, Williams CB, Drobyski WR.
CD8+ Foxp3+ regulatory T cells are induced during graft-versus-Host disease and
mitigate disease severity. J Immunol (2012) 189(1):464–74. doi: 10.4049/
jimmunol.1200886

61. Mayer CT, Floess S, Baru AM, Lahl K, Huehn J, Sparwasser T. CD8+
Foxp3+ T cells share developmental and phenotypic features with classical CD4+
Foxp3+ regulatory T cells but lack potent suppressive activity. Eur J Immunol
(2011) 41(3):716–25. doi: 10.1002/eji.201040913

62. Chen J, Zhou Y, Chen S, Liu M, Guo W, Wang Q, et al. Lkb1 in dendritic
cells restricts CD8+Foxp3+regulatory T cells expansion in vivo. Exp Cell Res (2019)
384(2):111650. doi: 10.1016/j.yexcr.2019.111650

63. Koch SD, Uss E, van Lier RA, ten Berge IJ. Alloantigen-induced regulatory
CD8+CD103+ T cells. Hum Immunol (2008) 69(11):737–44. doi: 10.1016/
j.humimm.2008.08.281

64. Allakhverdi Z, Fitzpatrick D, Boisvert A, Baba N, Bouguermouh S, Sarfati
M, et al. Expression of CD103 identifies human regulatory T-cell subsets. J Allergy
Clin Immunol (2006) 118(6):1342–9. doi: 10.1016/j.jaci.2006.07.034

65. Keino H, Masli S, Sasaki S, Streilein JW, Stein-Streilein J. CD8+ T regulatory
cells use a novel genetic program that includes CD103 to suppress Th1 immunity in
eye-derived tolerance. Invest Ophthalmol Vis Sci (2006) 47(4):1533–42. doi:
10.1167/iovs.04-1454
frontiersin.org

https://doi.org/10.1097/TP.0000000000002044
https://doi.org/10.4049/jimmunol.1601538
https://doi.org/10.2165/11315940-000000000-00000
https://doi.org/10.1111/j.1432-2277.1989.tb01832.x
https://doi.org/10.4049/jimmunol.167.10.5664
https://doi.org/10.1126/sciimmunol.abc8122
https://doi.org/10.1126/sciimmunol.abc8122
https://doi.org/10.1016/j.celrep.2017.08.078
https://doi.org/10.1126/sciimmunol.aas9673
https://doi.org/10.3389/fimmu.2012.00340
https://doi.org/10.1126/science.1257530
https://doi.org/10.1084/jem.20160938
https://doi.org/10.1016/j.cell.2014.10.026
https://doi.org/10.1126/scitranslmed.3010302
https://doi.org/10.4049/jimmunol.1402711
https://doi.org/10.1158/0008-5472.CAN-12-2569
https://doi.org/10.1158/0008-5472.CAN-10-2457
https://doi.org/10.1158/0008-5472.CAN-10-2457
https://doi.org/10.1084/jem.20061524
https://doi.org/10.1172/JCI65013
https://doi.org/10.1126/sciimmunol.abd3774
https://doi.org/10.1111/j.1600-6143.2012.04120.x
https://doi.org/10.1093/intimm/dxh107
https://doi.org/10.1158/1078-0432.CCR-07-0842
https://doi.org/10.1158/1078-0432.CCR-07-0842
https://doi.org/10.1084/jem.192.4.557
https://doi.org/10.4049/jimmunol.165.4.1733
https://doi.org/10.4049/jimmunol.165.4.1733
https://doi.org/10.1111/j.1600-6143.2009.02820.x
https://doi.org/10.1111/j.1600-6143.2004.00453.x
https://doi.org/10.1038/sj.leu.2404683
https://doi.org/10.1111/ajt.12068
https://doi.org/10.3389/fimmu.2017.00170
https://doi.org/10.1084/jem.192.2.303
https://doi.org/10.1016/S1074-7613(00)80195-8
https://doi.org/10.4049/jimmunol.171.7.3348
https://doi.org/10.1038/s41590-020-0744-z
https://doi.org/10.1038/s41590-020-0744-z
https://doi.org/10.1186/1471-2172-14-34
https://doi.org/10.4049/jimmunol.178.12.7649
https://doi.org/10.3389/fimmu.2015.00171
https://doi.org/10.3389/fimmu.2015.00171
https://doi.org/10.4049/jimmunol.1200886
https://doi.org/10.4049/jimmunol.1200886
https://doi.org/10.1002/eji.201040913
https://doi.org/10.1016/j.yexcr.2019.111650
https://doi.org/10.1016/j.humimm.2008.08.281
https://doi.org/10.1016/j.humimm.2008.08.281
https://doi.org/10.1016/j.jaci.2006.07.034
https://doi.org/10.1167/iovs.04-1454
https://doi.org/10.3389/fimmu.2022.1081163
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Habib et al. 10.3389/fimmu.2022.1081163
66. Casey KA, Fraser KA, Schenkel JM, Moran A, Abt MC, Beura LK, et al.
Antigen-independent differentiation and maintenance of effector-like resident
memory T cells in tissues. J Immunol (2012) 188(10):4866–75. doi: 10.4049/
jimmunol.1200402

67. de Leur K, Dieterich M, Hesselink DA, Corneth OBJ, Dor F, de Graav GN,
et al. Characterization of donor and recipient CD8+ tissue-resident memory T cells
Frontiers in Immunology 13
in transplant nephrectomies. Sci Rep (2019) 9(1):5984. doi: 10.1038/s41598-019-
42401-9

68. Weisberg SP, Carpenter DJ, Chait M, Dogra P, Gartrell-Corrado RD, Chen
AX, et al. Tissue-resident memory T cells mediate immune homeostasis in the
human pancreas through the PD-1/PD-L1 pathway. Cell Rep (2019) 29(12):3916–
32.e5. doi: 10.1016/j.celrep.2019.11.056
frontiersin.org

https://doi.org/10.4049/jimmunol.1200402
https://doi.org/10.4049/jimmunol.1200402
https://doi.org/10.1038/s41598-019-42401-9
https://doi.org/10.1038/s41598-019-42401-9
https://doi.org/10.1016/j.celrep.2019.11.056
https://doi.org/10.3389/fimmu.2022.1081163
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Selective CD28 blockade impacts T cell differentiation during homeostatic reconstitution following lymphodepletion
	Introduction
	Materials and methods
	Mice
	Skin transplantation and in vivo co-stimulatory molecule blockade
	Intravascular labeling and tissue processing
	Flow cytometry
	Statistical analysis

	Results
	Selective CD28 blockade reverses lymphopenia-induced differentiation of memory CD4+ T cells in the spleen and lymph node
	Selective CD28 blockade during T cell lymphodepletion and reconstitution improves skin graft survival and reduces expression of CD4+ T cell activation and senescence markers
	Selective CD28 blockade reduces the frequency of CD4+ and CD8+ TRM in the kidney in the absence of T cell lymphopenia-induced reconstitution
	Selective CD28 blockade reduces the frequency of FoxP3+ CD4+ T cells but increases the frequency of FoxP3+ CD8+ T cells following T cell homeostatic reconstitution
	CD8+ FoxP3+T cells exhibit distinct cell surface expression profiles compared to CD4+FoxP3+ T cells in the blood and kidney

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


