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ABSTRACT
Belatacept (Bristol-Myers Squibb, Princeton, NJ) is a biologic that targets CD80/86 and prevents its
interaction with CD28 and its alternative ligand, cytotoxic T lymphocyte antigen 4 (CTLA-4). Clinical
experience in kidney transplantation has revealed a high incidence of rejection with Belatacept, especially
with intensive regimens, suggesting that blocking CTLA-4 is deleterious. We performed a head to head
assessment of FR104 (n=5; Effimune), a selective pegylated Fab9 antibody fragment antagonist of CD28
that does not block the CTLA-4 pathway, and Belatacept (n=5) in kidney allotransplantation in baboons.
The biologics were supplemented with an initial 1-month treatment with low-dose tacrolimus. In cases of
acute rejection, animals also received steroids. In the Belatacept group, four of five recipients developed
severe, steroid–resistant acute cellular rejection, whereas FR104-treated animals did not. Assessment of
regulatory T cell–specific demethylated region methylation status in 1-month biopsy samples revealed a
nonsignificant trend for higher regulatory T cell frequencies in FR104-treated animals. Transcriptional
analysis did not reveal significant differences in Th17 cytokines but did reveal higher levels of IL-21, the
main cytokine secreted by CD4 T follicular helper (Tfh) cells, in Belatacept-treated animals. In vitro, FR104
controlled the proliferative response of human preexisting Tfh cells more efficiently than Belatacept. In
mice, selective CD28 blockade also controlled Tfh memory cell responses to KLH stimulation more effi-
ciently than CD80/86 blockade. Our data reveal that selective CD28 blockade and Belatacept exert dif-
ferent effects on mechanisms of renal allograft rejection, particularly at the level of Tfh cell stimulation.
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Since the successful introduction of calcineurin
inhibitors (CNIs), improvements in long–term
graft survival rates in kidney transplantation (KT)
have been slow, a situation mainly caused by
chronic allograft dysfunction. Although CNI neph-
rotoxicity has been implicated in chronic allograft
dysfunction, recent advances show a role for
chronic antibody–mediated rejection (ABMR). It
is, therefore, critical to develop novel therapeutic
strategies that minimize or avoid the use of CNIs
that are also more effective in controlling humoral
responses. This has been partially achieved by the use

of Belatacept (Bristol-Myers Squibb, Princeton, NJ;
LEA29Y, a high-affinity variant of cytotoxic T
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lymphocyte Antigen 4 [CTLA-4] -Ig), a CD80–86 antagonist
that prevents interaction with CD28 and its alternative ligand
CTLA-4.1 Belatacept improved long–term graft function and
was associated with a lower incidence of donor-specific anti-
body (DSA) compared with CNI.2 In a preclinical model, it
prevented ABMRby inhibiting primary T follicular helper (Tfh)
cell responses.3 However, Belatacept is associated with a high
incidence of acute rejection (AR), suggesting that blocking
CTLA-4-CD80–86 interactions might be deleterious.

We have developed FR104 (Effimune), a humanized
pegylated Fab9 antibody antagonist of CD28 that is devoid
of agonist activity.4 In synergy with low doses of CNI, it pro-
longs renal allograft survival in nonhuman primates.4,5 Pre-
serving CTLA-4 regulation while selectively antagonizing
CD28 may be FR104’s main advantage as a replacement for
CD80–86 antagonists. Regulation via CTLA-4 is thought to
occur through both intrinsic inhibitory signaling and extrin-
sic actions, which are mainly through regulatory T cell (Treg)
activities.6,7 Thus, selective CD28 blockade has potential
advantages over Belatacept, but a direct comparison in a pre-
clinical KTmodel has not previously been performed.

In this study, we compared FR104 against Belatacept
maintenance therapy in a model of KT in primates. In
contrast to Belatacept-treated animals, which exhibited
irreversible steroid–resistant AR, only 40% of FR104-treated
animals developed AR, which was not steroid resistant. As-
sessment of regulatory T cell–specific demethylated region
(TSDR) methylation status of 1-month kidney biopsy sam-
ples revealed a trend toward a stronger Treg signal in FR104-
treated animals. Furthermore, the main cytokine secreted by
Tfh, IL-21, was lower in these animals, suggesting a better
response control of preexisting Tfh cells, a feature that we
confirmed both in vitro in human cells and in an experimental
mouse model.

RESULTS

Belatacept and FR104 Have Comparable
Pharmacodynamics in Baboons
FR104 and Belatacept inhibited baboon T lymphocyte prolifer-
ation similarly in amixed lymphocyte reaction (Figure 1). In vivo,
the trough concentrations measured in the two groups were not
different, and they were above the ED50 of FR104 (0.3 mg/ml4;
0.07mg/ml for Belatacept) as measured by a flow cytometry assay
(Supplemental Figure 1).

FR104 Selectively Blocks CD28 Signaling and Prevents
Steroid–Resistant Allograft Rejection
We designed a 1-year therapeutic protocol for KT in baboons,
allowing direct comparison of selective CD28 blockade with
FR104 against nonselective CD80–86 blockade with Belatacept.
To prevent early AR, animals also received a 1-month course
of low-dose tacrolimus. In cases of biopsy-proven AR, ani-
mals received steroid boluses.

In the FR104 group (n=5), two animals developed AR (days
51 and 58), whichwas reversed after steroid administration. Two
animals were lost because of anesthetic complications or septi-
cemia. At 1 year post-transplantation, the three remaining
FR104-treated animals exhibited stable kidney function. In the
Belatacept group (n=5), four recipients developed steroid-
resistant AR during or after tacrolimus weaning (days 17,
28, 49, and 76). The fifth animal was lost because of pyelo-
nephritis (Figure 2, A and C).

None of the animals exhibited DSAs (as assessed by flow
cytometry) (Figure 2B). In both groups, conventional patho-
logic examination revealed T cell–mediated rejection (TCMR)
ranging from 1A to 1B as defined by the Banff classification,8

except for one Belatacept recipient (grade 2A), which exhibi-
ted an additional vascular injury without detectable C4d
staining. Interestingly, 1-month protocol biopsies revealed a
significant interstitial infiltrate composed primarily of CD3+

T cells in all animals, regardless of their treatment. Immuno-
histochemistry did not reveal differences in B lymphocyte or
major T lymphocyte populations (data not shown).

FR104-Treated Recipients Show a Trend toward a
Higher Treg Graft Infiltration
To investigate why FR104 and Belatacept show differential
rejection profiles, we firstly explored CTLA-4 extrinsic func-
tion through Tregs. No significant differences in the level of

Figure 1. FR104 and Belatacept equally inhibit in vitro T cell
proliferation. FR104 (blue triangles) and Belatacept (red squares)
dose response of baboon (n=4) PBMC mixed lymphocyte pro-
liferation assays at day 5 assessed by 3H-thyminidine uptake.
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blood CD25hi/CD127lowCD4+ Tregs were observed (Figure 3,
A and B). Similarly, no differences in Foxp3 expression as
assessed by quantitative real–time PCR on 1-month protocol
biopsies (or earlier in cases of rejection) were noted between
the two groups (P=0.24) (Figure 3C). However, TSDR meth-
ylation analysis revealed a trend toward a stronger Treg signal
in FR104-treated animals (P=0.07) (Figure 3D). In addition,
we observed a statistically nonsignificant increase in TGFb
gene expression in the FR104-treated recipients (P=0.09)
(Figure 3C), possibly related to the CTLA-4 extrinsic function
on this inhibitory cytokine.9

No Difference in CD28–Negative T Cells
We investigated other T cell subsets suspected of being involved
in Belatacept-resistant rejection, in which turning off the
CTLA-4 intrinsic inhibitory signaling can be deleterious. We
monitored peripheral blood CD28–negative T cells, especially
CD8+ cells, which are usually regarded as highly cytotoxic. No
difference between the two groups was noted (Figure 4, A and
B). Furthermore, assessment of cytotoxic function by mea-
surement of perforin gene expression on 1-month biopsies

showed no differences (Figure 4C). We also measured no dif-
ference in the expression of the coinhibitory receptor 2B4
gene expression, which is reportedly higher after selective
CD28 blockade10 in rodents, or other PD1 and BTLA coinhi-
bitory receptors (Figure 4D).

Expression of IL-21 but Not Th17 Genes Is Higher in
Belatacept 1-Month Biopsies Compared with FR104
Other than classic cytotoxic CD8 T cells, Th17–polarized T
cells have been implicated in Belatacept-resistant rejec-
tions.11,12 No difference in RORgc, IL-17, or IL-23 expression
was observed on the 1-month biopsies (Figure 5A). In con-
trast, the main Tfh cell cytokine transcripts IL-21 (P=0.02)
and to a lesser extent, IL-10 (P=0.07) were higher in Belatacept
recipients compared with FR104-treated animals (Figure 5B).
We next analyzed the data according to both clinical status
and treatment (Supplemental Figure 2). In biopsies without
rejection, IL-21 gene expression was significantly higher in
Belatacept-treated animals (P=0.02), suggesting a differential
effect between both drugs and not only the rejection process
per se. Paired correlation analysis revealed three groups of

Figure 2. FR104 Prevents Steroid–Resistant Allograft Rejection in contrast to Belatacept therapy. (A) Timeline of immunosuppressive
regimens, clinical interventions, and outcomes for FR104- and Belatacept-treated groups. Highlighted rectangles represent acute
renal failure episodes (blue indicates caused by rejection, red indicates caused by infection, and green indicates caused by ob-
struction). Black triangles represent steroid bolus, and white triangles indicate antibiotics use. (B) IgG DSAs as detected by flow
cytometry after transplantation in baboons treated with FR104 (blue triangles) or Belatacept (red squares). (C) Kaplan–Meier plot of
overall survival for baboons treated with 1 month of low-dose tacrolimus and chronic FR104 (blue line; n=5) or 1 month of low-dose
tacrolimus and chronic Belatacept (red line; n=5). White squares represent animals still alive 1 year post-transplantation. Deaths by
causes other than rejection have been censored, and the black marks represent recipient deaths. Survival time was evaluated by a log
rank test, *P,0.05.
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positively related genes: a Th17 group (RORgc and IL-23), a
Tfh group (Bcl6, IL-21, and IL-10), and a Treg group (Foxp3,
TGFb, and TSDR). Of note, there was an indication of a neg-
ative correlation between the Th17 and Tfh groups and be-
tween the latter and the Treg group (Figure 5C).

The overall increase of Tfh-related genes in the Belatacept-
treated animals supports the involvement of alloreactive Tfh
cells in allograft rejection in our protocol.

Graft-Infiltrating Lymphocytes Include Tfh-Like Cells
Tfh cells are normally located in the B cell zones of lymph
node (LN) follicles and express high levels of CXCR5, PD1,
and ICOS.13 In baboons, such as in humans and ma-
caques,14 these CD4+CXCR5hi/PD1hi cells are restricted to
the LN (Supplemental Figure 3A). By immunochemistry, we
showed that only CD4+ T cells located in the B follicle (i.e.,
Tfh cells) were both PD1 and ICOS positive (Supplemental
Figure 3B). We observed PD1–positive CD4+ T cells similar
to LN Tfh cells on all graft biopsy samples. Moreover, most
of these cells expressed ICOS and IL-21 (Figure 6A). Enu-
meration of CD4+PD1+ cells (per millimeter2) showed no dif-
ference between either group in protocol biopsies (Figure

6E). In rejection biopsies, we observed three times more CD4
+PD1+ cells in Belatacept-treated animals compared with
FR104-treated animals (1493/mm2 versus 408/mm2; n=2)
(Figure 6, B, C, and E).

Because the observed differences in IL-21 gene expression
between the groups could be potentially explained by differing
control of these infiltrating Tfh–like cells, we investigated Tfh
sensitivity to both drugs in an in vitro and alternative in vivo
model.

Selective CD28 Blockade Is More Effective in
Controlling Proliferation of Human Primed Tfh Cells
In Vitro
To obtain antigen–primed Tfh cells, we used human pediatric
tonsils and sorted CD4+ pre–Tfh and Tfh cells expressing
CXCR5 and intermediate and high levels of ICOS, respectively
(Figure 7A). We tested their proliferative responses after
coculture with autologous B cells in the presence of Staphylo-
coccal enterotoxin B superantigen and either drug as previ-
ously described.15 After 8 days of culture, FR104 decreased
proliferation of pre-Tfh and Tfh cells more intensively and
significantly than Belatacept (n=10; P=0.02 and P=0.03,

Figure 3. Assessment of TSDR methylation status reveal a nonsignificant trend for higher regulatory T cell frequencies in FR104-
treated animals. (A) Flow cytometry contour plot showing gates used to assess percentage of CD4+CD25hiCD127low Treg cells. (B)
Kinetics of Treg cells post-transplantation in FR104-treated recipients (blue triangles; n=5) and Belatacept-treated recipients (red
squares; n=5). (C) Quantitative real–time PCR measurement of Foxp3 and TGFb gene expression in 1-month protocol biopsies or
earlier biopsies in cases of rejection from animals treated with FR104 (blue triangles; n=5) or Belatacept (red squares; n=5). (D)
TSDR analysis in 1-month protocol biopsies or earlier biopsies in cases of rejection from animals treated with FR104 ((blue tri-
angles; n=5) or Belatacept (red squares; n=5) ; data are means6SEMs. Graph shows gene expression relative to HPRT; data are
means6SEMs.
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respectively) (Figure 7B). Selective CD28 blockade (FR104),
therefore, controlled Tfh cell responses better in vitro and
might explain the differences in IL-21 gene expression ob-
served between the two groups in vivo.

Selective CD28 Blockade Inhibits Secondary Tfh Cell
Responses to KLH in Mice
We used an in vivo experimental model of primary and sec-
ondary Tfh cell responses after KLH immunization in mice.
Animals were immunized subcutaneously with KLH and LPS
and treated with the Fab-PV1-Peg antibody (anti–mouse
CD28 monovalent antagonist) or CTLA-4-Ig (Abatacept
[Bristol-Myers Squibb]; note that Belatacept does not cross-
react with mouse CD80–86). Treatment and immunization
were performed on day 0 to study primary responses or 1
month after the first immunization to study recall responses
(Figure 8A). Tfh cell responses and levels were evaluated in
popliteal draining LNs (Figure 8B). A preliminary control
time course experiment revealed that, in the memory setting,
the Tfh cell responses occurred earlier after the second im-
munization (maximum on day 3 versus on day 10 during
primary response) (Figure 8C). As expected, treatments
with Fab-PV1-Peg and CTLA-4-Ig were equally effective at
controlling primary Tfh cell responses (n=5) (Figure 8D). In
contrast, only Fab-PV1-Peg could significantly control the
secondary Tfh cell response (10.7% versus 31.6%; n=5;
P,0.05) (Figure 8E).

DISCUSSION

Our in vivo data from a preclinical model of KT show, for the
first time, a differential effect between CD28 blockade and
CD80–86 blockade in preventing AR, supporting previous
data reported in rodent models.10

We observed severe irreversible AR in Belatacept-treated
recipients in contrast to FR104-treated recipients. Rejections
were strictly cell mediated, with no DSAs or complement
involvement. This is compatible with previous data showing
that costimulation blockade with Belatacept is efficient at
inhibiting primary Tfh cell and antibody responses.3,16 In
addition, after CNI discontinuation, FR104 monotherapy
prevented AR for at least 1 year.

Evaluation of TSDR methylation status revealed a strong
trend for elevatedTregs in FR104-treated animals in contrast to
Foxp3 expression, which was not discriminant. Foxp3 can be
transiently upregulated in activated T cells, whereas TSDR
demethylation ensures stable Foxp3 expression.17,18 This lack
of specificity could explain the discrepancy observed in our
data. CD28 signaling is important for the generation and ho-
meostasis of natural/thymic Tregs,19 whereas CTLA-4 is cru-
cial for their suppressive function,20 explaining why Belatacept
negatively affects Tregs in different transplantation models21,22

and Foxp3 levels in patient biopsies.23 Upregulation of Treg
graft infiltrates has been reported after selective CD28 block-
ade in KT.5,24 Although these data fail to clearly confirm these

Figure 4. CD28 negative T cells and the co-inhibitory receptor 2B4 are not differentially regulated between the FR104 group and the
Belatacept group. (A) Flow cytometry contour plot showing gates used to assess percentage of naïve T cells (TNs; CD28+CD952),
central memory T cells (TCMs; CD28+CD95+), and effector memory T cells (TEMs; CD282CD95+) among CD4+ and CD8+. (B) Kinetics of
the CD4+ and CD8+ compartments of TEMs post-transplantation in FR104-treated recipients (blue triangles; n=5) and Belatacept-
treated recipients (red squares; n=5). (C and D) Quantitative real–time PCR measurement of gene expression in 1-month protocol
biopsies (or earlier in cases of rejection) from animals treated with FR104 (blue triangles; n=5) or Belatacept (red squares; n=5). Graph
shows gene expression relative to HPRT; data are means6SEMs.
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observations, preserving the CTLA-4 pathway could indirectly
promote induction of peripheral Tregs (e.g., through IDO
induction in APC25,26). Although the differences observed in
IL-21 transcript levels provide an additional indirect
explanation, a direct mechanism could also be involved. For
example, in vivo costimulation through CD28 reduces the pe-
ripheral induction of Foxp3 in CD4+T cells,27 whereas CTLA-4
promotes Foxp3 induction and Treg accumulation.28

One explanation for the occurrence of Belatacept-resistant
rejection could be the crossreactivity of some antigen–educated
T cells that have lost the CD28 costimulation requirement for
alloantigen activation, a phenomenon known as heterologous
immunity.29,30 In addition, blocking the CTLA-4 pathway in
these cells could be deleterious because of suppression of in-
trinsic inhibitory signaling. Recent advances in understanding
the mechanism of action of checkpoint inhibitors show that
blocking CTLA-4 could reactivate preexisting mature tumor–
specific T cells.31–33 Increasing evidence also suggests that the
cells involved in resistance to costimulation blockade are ma-
ture, are highly differentiated, and possess effector capacities,
such as CD28–negative T cells.34–36 We did not observe any
significant difference in CD28–negative T cell frequencies.
Beyond the maturation stage, both the threshold of CD28
requirement and the intrinsic regulation by the CTLA-4

pathway can differ between various T cell subsets. For exam-
ple, Th17–polarized T cells have been suspected of being the
main culprit for Belatacept-resistant rejection, because clini-
cal association has been reported,12 and Th17 cells might be
particularly sensitive to regulation by CTLA-4.11,37We did not
observe any difference in Th17 gene expression. In contrast,
expression of IL-21 and IL-10, the main cytokines secreted by
Tfh cells, was higher in Belatacept recipients. IL-21 and IL-10
can also be produced by Th17 cells and Tregs, respectively.
However, paired correlation analysis supported a positive re-
lationship between IL-21, IL-10, and Bcl6, the Tfh cell master
regulator, and did not support a positive relationship with
Th17- and Treg-related genes, suggesting a Tfh gene signa-
ture. Moreover, among graft-infiltrating lymphocytes in Be-
latacept rejection biopsies, Tfh-like cells (CD4+PD1+; also
expressing ICOS and IL-21) were the predominant cell type.

Antigen–primed Tfh cells lose the requirement for CD28
costimulation for their activation.38 At this stage, CTLA-4
becomes instrumental in the control of their function in a
cell-intrinsic manner.39 In addition, Tfh-like cells have been
described in graft infiltrates of ABMR and TCMR biopsies.40,41

Recently, Venner et al.,42 using expression microarrays to char-
acterize the changes most specific to TCMR compared with
other diseases, including ABMR in human kidney graft

Figure 5. The IL-21 gene expression but not the Th17 gene expression signature is increased in Belatacept-treated recipients. (A and B)
Quantitative PCR measurement of mRNA expression on 1-month protocol biopsies (or earlier in cases of rejection) from animals treated
with FR104 (blue triangles; n=5) or Belatacept (red squares; n=5). Gene expression is relative to HPRT. Data are means6SEMs. A Mann–
Whitney nonparametric test was used, and P values ,0.05 were considered significant. (C) Pairwise correlation analysis to determine
the direction and strength of the linear relationships between genes. The upper right of the matrix is the color map of correlations.
Bright colors indicate the pairs of variables closely related using the Spearman rank correlation coefficient (r), and faded colors encode
for decreasing r values. The lower left of the matrix is the color map of P values.
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biopsies, revealed that IL-21R is among the 30 transcripts most
associated with TCMR. In this context, preexisting Tfh cells that
crossreact with alloantigen (via heterologous immunity) may
not be providing help for B cell humoral responses but rather,
may be driving TCMR through IL-21 secretion itself or other
effectormechanisms. This aligns with our preclinical data show-
ing that FR104 and Belatacept are equally efficient at controlling
primary DSA responses controlled by Tfh cells. In our case,
preexisting Tfh cells could be differentially regulated between
the two groups, explaining the difference in IL-21 gene expres-
sion. The responses of the in vitro cocultured primed humanTfh
cells and the Tfh responses to KLH immunization in mice sup-
port this assumption, because it was associated with various
modalities of costimulation blockade. Indeed, although primary
Tfh responses are equally inhibited by either selective CD28
blockade or CD80–86 blocking, only CD28 blockade reduces
Tfh recall responses significantly.

In a mouse model of islet transplantation, mIL-21R-Fc
combined with CTLA-4-Ig resulted in transplant tolerance in
100% ofmice versus 55% for CTLA-4-Ig monotherapy alone.43 In
this model, it was shown that IL-21 acted as an antitolerogenic
cytokine by preventing Treg generation and inhibiting Treg
function. It is possible that, in our study, IL-21 blocked both
induction of Tregs and their function in the Belatacept-treated
group, resulting in severe AR. The observed trend toward a
negative correlation between Tfh- and Treg-related genes sup-
ports this hypothesis.

The steroid resistance observed in our study seems to
be quite different from results from the BENEFIT Study
clinical trial,2 taking into account that we did not use an
anti–CD25 induction therapy. However, AR episodes ob-
served in the Belatacept group in the BENEFIT Study were
quite severe, with one third of biopsies scored as type 2B
and another one third being steroid resistant versus 12%
and 0%, respectively, in the control group. Clinical mani-
festations caused by Treg dysfunction observed in some
autoimmune diseases are known to be insensitive to ste-
roids.44,45 Using graft biopsies, Matignon et al.46 performed
a molecular analysis of the T cell immune response of pa-
tients with acute TCMR. IL-21 but not IL-17, RORgt, or
T-bet was significantly higher in the patients who did not
experience a successful reversal of acute TCMR after anti-
rejection therapy, suggesting a potential role for IL-21 in
steroid resistance.

Our study shows that selective CD28 blockade in com-
bination with suboptimal immunosuppression differently
controlledAR comparedwithCD80–86blockade in a preclinical
model of KT in nonhuman primates. Indeed, in contrast to
FR104-treated animals, Belatacept therapy was associated with
irreversible steroid–resistant rejection episodes. Although larger
trials are required to confirm these encouraging preliminary
results, CD28-selective agents could combine the advantages
of Belatacept (absence of nephrotoxicity and optimal control
of humoral responses) while preventing Belatacept-resistant

Figure 6. Tfh–like graft infiltrating lymphocytes were elevated in biopsies from Belatacept-treated animals. (A) Immunostaining of a
protocol biopsy showing cells with a Tfh-like phenotype (CD4+PD1+ T cells coexpressing ICOS and IL-21). (B) Representative images of
CD4 and PD1 staining in rejection biopsies of FR104-treated animals. (C) Representative pictures of CD4 and PD1 staining in rejection
biopsies of FR104-treated animals. (D) Number of CD4+PD1+ cells per millimeter2 in protocol biopsies in FR104- (blue; n=2) and
Belatacept-treated animals (red; n=1); each point represents an area (five per biopsy), and each symbol is an animal. (E) Number of
CD4+PD1+ cells per millimeter2 in rejection biopsies of FR104- (blue; n=2) and Belatacept-treated animals (red; n=2), and each point
represents an area (five per biopsy) and each symbol is an animal.
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rejection, suggesting that they could represent the next genera-
tion of costimulation blocking agents.

CONCISE METHODS

Mixed Lymphocyte Reactions
PBMCs were isolated from baboon whole blood by density centrifu-

gation over Ficoll-Paque (Eurobio). Freshly isolated PBMCs were

incubated with irradiated allogeneic PBMCs (105 cells per well of each

cell type) for 5 days at 37°C and 5% CO2 in complete medium (RPMI

1640 [Gibco, Carlsbad, CA], 5% human or pooled baboon serum ba-

boon serum is from our laboratory, 2mM L-glutamine [Sigma-Aldrich],

100 U/ml penicillin [Sigma-Aldrich, St. Louis, MO], 0.1 mg/ml strepto-

mycin [Sigma-Aldrich], 1% nonessential amino acids [Sigma-Aldrich],

1 mM sodium pyruvate [Sigma-Aldrich], and 5 mM Hepes [Sigma-

Aldrich]). Cells were pulsed with 1 mCi 3H-thymidine during the final

8 hours of culture, recovered, and counted in a scintillation counter.

Animals
Baboons (Papio anubis; 8–13 kg) were obtained from the Centre

National de la Recherche Scientifique Primatology Center. Animals

were housed in our laboratory’s large animal facility, and all

experiments were performed in accordance with our institutional

ethical guidelines. The donor-recipient combinations were chosen ac-

cording to blood group compatibility and MHC mismatching (per-

formed by DRB MHC class 2 locus typing).

Renal Transplantation in Baboons
Renal allotransplantation was performed on binephrectomized re-

cipients as previously described5; 24-hour diuresis and BUN were

monitored daily. Graftectomies were performed when plasma creat-

inine levels rose to.500mmol/L. Protocol biopsies were performed 1

month post-transplantation, and surgical biopsies were performed

before euthanasia for histologic examination. One biopsy fragment

was collected for routine hematoxylin and eosin histology (scored

blinded by a pathologist), a second fragment was snap frozen in liquid

nitrogen for mRNA extraction, and a third fragment was snap frozen

in Tissue-Tek (Sakura Finetek, Inc., Torrance, CA) for immunohis-

tochemical staining. All recipients received steroids (Solumedrol;

Pfizer) intravenously (iv) at 1 mg/kg per day (days 0–7) and tacrolimus

(Prograf; Astellas) at 0.05 mg/kg per day (intramuscularly; adjusted to

maintain trough levels between 5 and 10 ng/ml; considered as low in

baboons) from day 0 to day 30. Drug weaning was then performed,

with doses reduced by one half each week for 3 weeks and then

stopped. In addition, they received either FR104 or Belatacept iv at

Figure 7. Selective CD28 blockade with FR104 control in vitro Ag primed Tfh responses more effectively than Belatacept. (A) Flow
cytometry plot of representative of human tonsil cell suspension showing gates used to sort pre-Tfh (CD4+CXCR5+ICOS+) and Tfh
(CD4+CXCR5hiICOShi). (B) Proliferative responses to autologous B cell plus Staphylococcal enterotoxin B after 8 days presented as
percentages of pre-Tfh and Tfh compared with control conditions under either FR104 (blue circles) or Belatacept (red circles). Each pair
of connected points represents a paired experiment (n=10). The Wilcoxon matched-paired signed rank test was used. *P,0.05.
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10 mg/kg on days 0, 7, and 14 and then, every 2 weeks. In cases of

biopsy-proven rejection, animals received steroids (iv at 5, 4, 3, 2,

and 1 mg/kg on days 1–5, respectively); then, a weaning was performed

intramuscularly over 3 weeks.

Phenotyping Analyses
Fluorescent mAbs against human CD3 (SP34–2), CD4 (L200), CD8

(RPA-T8), CD25 (MA251), CD28 (28.6), CD95 (DX2), and CD127

(hIL-7R-M21) were purchased from BD Biosciences (San Jose, CA).

Polyclonal anti–human IgG was purchased from DAKO. Samples

were acquired on a BD FACSCANTO Flow Cytometer (BD Biosci-

ences) and analyzed with FlowJo software (FlowJo LLC).

Immunohistochemistry
Frozen sections (7 mm) were prepared from surgical or protocol

renal biopsies. Slides were air dried at room temperature for 1

hour before acetone fixation for 10 minutes at room temperature.

Sections were saturated with PBS containing 10% baboon serum,

2% normal goat serum, and 4% BSA. Sections were incubated

overnight with primary antibodies at 4°C followed by fluorescent

secondary antibodies. Primary antibodies used were monoclonal

mouse IgG1 anti–human CD4 (clone 4B12; DAKO), monoclonal

mouse IgG2a anti–human CD20cy (clone L26; DAKO), goat poly-

clonal anti–human PD1 (R&D Systems, Minneapolis, MN),

monoclonal Armenian hamster IgG anti–human ICOS (clone

C398.4A; BioLegend, San Diego, CA), and rabbit polyclonal

anti–human IL-21 (AbD Serotec). The slides were costained

with DAPI (Life Technologies, Carlsbad, CA) and mounted using

Prolong Gold Antifade Reagent, and images were recorded

using a Nikon A1 RSi Confocal Microscope (603 NA, 1.40 oil;

Nikon, Tokyo, Japan). Image processing was carried out using

FIJI software.

mRNA Analyses
mRNA was extracted from snap–frozen renal biopsies with Trizol

Reagent (Life Technologies) according to the manufacturer’s instruc-

tions. The quality and quantity of mRNAwere controlled by infrared

spectrometry (NanoDrop; Thermo Fisher Scientific, Vernon Hills,

IL). mRNA was reverse transcribed using the OmniscriptRT Kit

(Qiagen, Germantown, MD), and real–time quantitative PCR was

performed as previously described5 on a ViiA 7 Real-Time PCR Sys-

tem (Life Technologies). Amplification was performed for

Foxp3 (Hs00203958_m1; Applied Biosystems, Foster City, CA),

TGFb (Hs00171257_m1), RORgc (Hs01076112_m1), IL-17F

(Hs00369400_m1), IL-23 (Hs00372324_m1), Bcl6 (Rh01115889_m1),

IL-21 (Rh02879198_m1), IL-10 (Hs00174086_m1), 2B4

(Rh02871839_m1), BTLA (Rh02889477_m1), PD1 (Rh03418231_m1),

and perforine (Hs00169473_m1).

Figure 8. Selective CD28 blockade controls Tfh recall responses to KLH immunization in mice more effectively than CTLA-4-Ig. (A) Mice
were immunized with KLH and LPS and treated with either CTLA-4-Ig or the Fab-PV1-Peg antibody, an anti-CD28 antagonist effective in
mice, either on day 0 to study primary responses or 1 month after a first immunization to study memory responses. (B) Postimmunization
draining popliteal LNs were collected, and levels of Tfh cells (CXCR5+PD1+) among the CD4+ or CD4+CD44+ population were assessed
by flow cytometry as represented in the flow cytometry contour plot. (C) Time course under control condition (n=3). Percentage of Tfh
cells among CD4+CD44+ (D) on day 6 postimmunization or (E) 3 days after reimmunization according to conditions indicated on the x
axis (n=5 per group). Data are means6SEMs. One-way ANOVA and Kruskal–Wallis tests were used. *P,0.05; **P,0.01.
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TSDR Analyses
GenomicDNAwas isolated from frozen tissue. After RNA extraction

from Trizol Buffer, 300 ml TNES-6U back extraction buffer was

added (10 mM Tris-HCl, pH 7.5, 125 mM NaCl, 10 mM EDTA,

pH 8, 1% SDS, 6 U urea) to the organic phase. After shaking, the

mixture was incubated at room temperature for 10 minutes. Sam-

ples were then centrifuged at 18,0003g for 15 minutes at 4°C. The

upper phase was removed, an equal volume of isopropanolol was

added, and the samples were incubated for 2 hours at280°C. Sam-

ples were centrifuged (18,0003g for 15 minutes at 4°C), the super-

natant was removed, and the pellets were washed three times with

70% ethanol (incubated 3 minutes and then centrifuged at

18,0003g for 5 minutes). DNA samples were redissolved in TE

buffer (10 mM Tris and 0.1 mM EDTA, pH 8). DNA quality and

quantity were measured by infrared spectrometry (NanoDrop). Bi-

sulfite treatment of genomic DNAwas performed using the EpiTect

Fast DNA Bisulfite Kit (Qiagen) according to the manufacturer’s

protocol. We used an adapted protocol described by Wieczorek

et al.47 on P. anubis as described.16 Real-time PCR was performed

on a final reaction volume of 20 ml using Roche LightCycler 480

Probes Master (Roche Diagnostics, Indianapolis, IN) containing

15 pmol each methylation– and nonmethylation–specific forward

and reverse primers for TSDR, 5 pmol hydrolysis probe, 200 ng

l-DNA (New England Biolabs, Ipswich, MA), and 60 ng bisulfite–

treated genomic DNA template. Each sample was analyzed in duplicate

using a LightCycler 480 System (Roche Diagnostics). Cycle condi-

tions consisted of a 95°C preheating step for 10 minutes and 50

cycles of 95°C for 15 seconds followed by 1 minute at 61°C. The

proportion of unmethylated DNA was computed as the ratio of

unmethylated TSDR to methylated TSDR.

Cell Isolation
Tonsils samples were obtained from young patients (3–10 years old)

undergoing tonsillectomy. Single cells were collected after mechani-

cal disruption. B cells were first positively selected with anti–CD19

MACS Microbeads (Miltenyi Biotec, San Diego, CA). For the isola-

tion of Tfh populations, the CD19-negative fraction was stained with

mAbs against human CD4 (L200), CD8 (RPA-T8) from BD Biosci-

ences, CD20 (2H7), ICOS (C398.4A) from BioLegend, and CXCR5

(MU5UBEE) from eBioscience (San Diego, CA). Pre-Tfh (CXCR5+

ICOS+) and Tfh (CXCR5hiICOShi) cells were sorted using an FACSAria

(BD Biosciences) according to the expression of ICOS and CXCR5

within the CD4+CD202CD82 cell population.

Cell Culture
Sorted Tfh populations were cocultured with B cells (23104 cells per

well each) in RPMI medium 1640 (Gibco) supplemented with 1% L-

glutamine (Sigma-Aldrich), 1% penicillin/streptomycin (Sigma-

Aldrich), 1% sodium pyruvate (Sigma-Aldrich), 1% nonessential

amino acids (Sigma-Aldrich), 50 mM b-mercaptoethanol (Sigma-

Aldrich), 50mg/ml gentamycin (Gibco), and 10% heat-inactivated FCS

(Eurobio) in the presence of Staphylococcal enterotoxin B (1 mg/ml;

Sigma-Aldrich) in U–bottomed 96–well plates. In the blocking exper-

iment, the following reagents were added to the cocultures: FR104

(10 mg/ml) and Belatacept (10 mg/ml). After 8 days of culture, cells

were stained with anti-human CD3 (SP34–2; BD Biosciences), and

the number of T cells per well was assessed using CountBright Ab-

solute Counter Beads (Life Technologies).

Protein Vaccination and Treatment
C57BL/6 mice were immunized in the left hind footpad with 5 mg

KLH (Stellar) and 10 mg LPS (Sigma-Aldrich) in PBS buffer. Mice

were treated intraperitoneally on days 0, 3, and 6 with 10 mg/kg either

Abatacept or the antagonist anti–CD28 Fab monovalent fragment

Fab-PV1 produced by Effimune from the hamster anti–mouse IgG

clone PV1 and subsequently conjugated to polyethylene glycol moi-

eties to prolong its half-life in vivo (Laboratoire Celares). The same

protocol was used for primary and secondary challenge (30 days after

the initial priming).

Flow Cytometry
Mice were euthanized 6 days after initial priming, 3 days after

secondary challenge, or on various days after immunization as

indicated on the time course. Popliteal draining LNswereharvested for

analysis. After mechanical disruption, cells were pelleted and resus-

pended in PBS. Cells were labeled with fluorescent mAbs against

murine CD4 (RM4–5), CD44 (IM7), CXCR5 (2G8), and PD1 (J43)

from BD Biosciences. Samples were acquired on a BD FACSCANTO

Flow Cytometer (BD Biosciences) and analyzed with FlowJo software

(FlowJo LLC).

Statistical Analyses
Graft survival times were plotted using Kaplan–Meier representation,

and survival time between different groups was evaluated with a log

rank test. Continuous variables were expressed as the means6SEMs

and compared with the Mann–Whitney nonparametric test. Paired

observations were analyzed using aWilcoxonmatched paired signed-

rank test. Multiple comparisons were analyzed by one-way ANOVA

and Kruskal–Wallis test. Pairwise correlation analysis was performed

using the Spearman rank correlation coefficient.

Differences were considered significant if the P value was ,0.05.

All statistical analyses were performed with GraphPad Prism

(GraphPad Software, La Jolla, CA).

Study Approval
Animal studies were approved by the French National Ethical

Committee (CEEA-2010–17).

All donors were informed of the final use of their biologic sample

and signed an informed consent.
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