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Recurrent activating mutations of CD28 in peripheral T-cell
lymphomas
J Rohr1,2,14, S Guo3,14, J Huo4, A Bouska1, C Lachel1, Y Li2, PD Simone5, W Zhang1, Q Gong2, C Wang1,2,6, A Cannon1, T Heavican1,
A Mottok7,8, S Hung7,8, A Rosenwald9, R Gascoyne7,8, K Fu1, TC Greiner1, DD Weisenburger2, JM Vose10, LM Staudt11, W Xiao12,
GEO Borgstahl13, S Davis4, C Steidl7,8, T McKeithan2, J Iqbal1 and WC Chan2

Peripheral T-cell lymphomas (PTCLs) comprise a heterogeneous group of mature T-cell neoplasms with a poor prognosis. Recently,
mutations in TET2 and other epigenetic modifiers as well as RHOA have been identified in these diseases, particularly in
angioimmunoblastic T-cell lymphoma (AITL). CD28 is the major co-stimulatory receptor in T cells which, upon binding ligand,
induces sustained T-cell proliferation and cytokine production when combined with T-cell receptor stimulation. We have identified
recurrent mutations in CD28 in PTCLs. Two residues—D124 and T195—were recurrently mutated in 11.3% of cases of AITL and in
one case of PTCL, not otherwise specified (PTCL-NOS). Surface plasmon resonance analysis of mutations at these residues with
predicted differential partner interactions showed increased affinity for ligand CD86 (residue D124) and increased affinity for
intracellular adaptor proteins GRB2 and GADS/GRAP2 (residue T195). Molecular modeling studies on each of these mutations
suggested how these mutants result in increased affinities. We found increased transcription of the CD28-responsive genes CD226
and TNFA in cells expressing the T195P mutant in response to CD3 and CD86 co-stimulation and increased downstream activation
of NF-κB by both D124V and T195P mutants, suggesting a potential therapeutic target in CD28-mutated PTCLs.
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INTRODUCTION
Peripheral T-cell lymphomas (PTCLs) comprise approximately 10%
of all non-Hodgkin lymphomas in the Western world and
generally have a poor prognosis.1 Novel therapeutic regimens
have largely failed to improve patient outcomes, likely due to the
poor understanding of PTCL pathogenesis. We and others have
generated extensive gene expression profiling (GEP) data on PTCL
entities, including angioimmunoblastic T-cell lymphoma (AITL)
and other PTCL subtypes.2 Many of these studies support the
hypothesis that AITL is derived from follicular helper T cells (TFH
cells),3–5 and that this lymphoma constitutively activates the NF-κB
pathway. However, the pathogenic mechanisms for AITL and the
other common PTCL category, ‘not otherwise specified’ (PTCL-
NOS), have only recently been explored. We and others have
reported several common recurrent AITL-associated genetic
aberrations affecting TET2,6 IDH2,7,8 DNMT3A9 and RHOA.10–12

The first three mutations likely lead to global epigenetic perturba-
tions. Other than in FYN, few somatic mutations affecting the T-cell
receptor (TCR) activation pathway have been observed in PTCLs,
despite our GEP studies pointing to frequent activation of this
pathway.13 Here, we report recurrent mutations of CD28, a
member of the immunoglobulin V-set subfamily and the major

co-stimulatory molecule for TCR-mediated activation. By binding B7
family members CD80 (B7.1) and CD86 (B7.2),14 CD28 promotes
T-cell activation and prevents anergy after TCR stimulation.15 The
intracellular domain is necessary for signal transduction after ligand
binding16 and includes a YMNMmotif, which, when phosphorylated,
binds the SH2 domains of Src family kinases, PI3K regulatory
subunits and GADS/GRAP2 and GRB2. The CD28 intracellular tail also
contains two proline-rich motifs that bind the SH3 domains of
various signaling proteins, including ITK, GRAP2 and LCK.17 Together,
CD28-mediated PI3K, GRB2 and VAV1 signaling increases NF-κB and
NFAT nuclear translocation, augmenting T-cell survival, production
of the proliferative cytokine IL-2 and cell cycling.
We performed whole-transcriptome sequencing (WTS) on 20

AITL cases and identified two recurrent sites of mutation in CD28,
at D124 and T195. We then performed targeted sequencing of
CD28 in 90 PTCL cases, including five of the AITL cases with WTS,
and studied the functional alterations associated with these two
most frequent mutation sites. We observed that they augment
ligand/receptor interactions or signal transduction adaptor bind-
ing affinities, both of which could contribute to T-cell activation in
PTCLs. This was supported by increased downstream signaling of
CD28 mutants upon ligand binding.
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MATERIALS AND METHODS
Patient specimens
The clinical and pathological characteristics of the patients included in the
study have been published13 and are included in Supplementary Table 1.
Informed consent was obtained from all patients. We included 20
molecularly diagnosed AITL lymphomas for transcriptome sequencing in
our study and 85 additional cases of molecularly and/or histologically
diagnosed AITL, PTCL-NOS and ALK-negative ALCL. This study was
approved by the Institutional Review Boards of the University of Nebraska
Medical Center and City of Hope National Medical Center.

Patient RNA sequencing and targeted sequencing platform
Total RNA from 20 AITLs was extracted using the QIAgen RNEasy kit
(Valencia, CA, USA), and RNAseq was performed using the Illumina GIIx
sequencer (San Diego, CA, USA). TopHat18,19 was used for alignment, and
Cufflinks20 was used for gene expression analysis. For the targeted
sequencing platform, we used the TruSeq Custom Amplicon (TSCA)
platform (Illumina, Inc., San Diego, CA, USA) to interrogate all four exons of
CD28, all eleven exons of TET2 and all five exons of RHOA in PTCL
specimens. Alignment was performed with Mutascope.21 VarScan2 (ref. 22)
was used to call variants.

Fusion transcript validation and sequencing
TopHat-Fusion23 was used to analyze aberrant transcripts. The ICOS–CD28
fusion mRNA discovered on WTS was verified by PCR and Sanger
sequencing on patient cDNA using the following primers: ICOS (forward):
5′-TGAACACTGAACGCGAGGAC-3′; CD28 (reverse): 5′-CATTGGTGGCCCA
ACAGG-3′.

Survival analysis
The Kaplan–Meier curve was constructed, and the difference in survival
was tested by the log-rank method, using the survival package in R.24

Surface plasmon resonance spectrometry
Details of the surface plasmon resonance (SPR) studies are available in the
Supplementary information. Briefly, binding experiments were carried out
at 37°C using SPR as implemented in the BiacoreTM T200 (GE Healthcare,
Amersham, UK). CD28-Fc fusion protein at 0.1 mg/ml was directly
immobilized on Research Grade CM5 sensor chips (GE Healthcare) by
amine coupling, giving immobilization levels of 1000–2500 RU. Biotiny-
lated tyrosyl phosphopeptides or a ‘universal’ control peptide was
indirectly immobilized via streptavidin to ~ 250 RU as described
previously.25 For both, equilibrium binding analysis was undertaken as
described.26,27 Data were analyzed using BIAevaluation Software (GE
Healthcare) and Origin version 5.0 (MicroCal Software Inc., Northampton,
MA, USA).

Molecular modeling of novel CD28 mutants
Full details of the modeling procedure are available in the Supplementary
information. Briefly, to analyze the effects of the D124V mutation in CD28,
PDB files 1YJD (CD28),28 1I85 (CD86 and CTLA4),29 1I8L (CD80 and CTLA4)30

and 3WA4 (GRB2 and CD28)31 were used and analyzed as previously
described.32–34

Cell lines, transduction and luciferase assay
The entire coding region of CD28 with or without D124V or T195P
mutations was cloned into GFP-containing pMIG vectors (Promega,
Madison, WI, USA). Retrovirus production in 293T cells and infection of
~ 500 000 Jurkat cells, clone E6.1 (ATCC) were performed essentially as
described previously.35 Cells were confirmed free of mycoplasma with the
Universal Mycoplasma Contamination Kit (ATCC). Transduced cells stably
maintaining GFP expression after 1 week were sorted for equivalent GFP
expression (Supplementary Table 4) using flow cytometry. Cells were
cultured in RPMI-1640, 10% FBS (Omega Scientific, Tarzana, CA, USA), 1%
Pen/Strep, 1% 1 M HEPES and frozen or used in the activation assay. All cell-
culture reagents were obtained from Life Technologies (Waltham, MA,
USA), unless otherwise stated. The in vitro assays for T-cell stimulation and
NF-κB luciferase assay are described in detail in the Supplementary
information.

Nanostring nCounter assay
To measure gene expression over time,36 one million Jurkat cells stably
transduced with either CD28 mutants or WT were stimulated with one
million of the indicated beads for the indicated time, then immediately
washed in PBS, lysed in Qiagen buffer RLT, and placed at − 80 °C until use.
Aliquots were thawed, and 10 000 cells per reaction were prepared
for nCounter expression analysis per the manufacturer’s instructions
(NanoString Technologies, Inc., Seattle, WA, USA). We designed a
customized codeset panel for 29 genes and two housekeeping genes
(Supplementary Table 2). Cell lysate was hybridized to the custom codeset
at 65° overnight. The reaction was processed on the nCounter prepstation;
and gene expression data were acquired on the nCounter Digital Analyzer
on the ‘high resolution’ setting. Standard quality control by the nSolver
analysis software was employed.

RESULTS
Detection of a CD28 fusion transcript and CD28 mutations
through WTS
Our analysis of WTS data from 20 AITL cases revealed a single case
showing an in-frame ICOS–CD28 fusion transcript. This fusion
transcript was confirmed by Sanger sequencing of cDNA from the
case showing a fusion of ICOS exon 1 (forward) with CD28 exon 2
(Figure 1a). ICOS exon 1 encodes the membrane signal sequence,
but this is cleaved from the protein; thus, ICOS promoter-mediated
expression of the transcript would be expected but with no
change in the final product. ICOS is highly expressed in AITL and in
TFH cells.4 The fusion transcript was found to contain a mutation of
aspartate 124 of CD28 to valine (D124V; Figure 1b). This AITL case
was found to express CD28 at a level higher than most other cases
in this study; additionally, the AITL cases expressed CD28 at a level
higher than normal T-cell subsets when normalized for T-cell
content37 (Supplementary Figure 1A). Three cases with the CD28
residue threonine 195 mutated to proline (T195P) with varying
variant frequencies (VFs) were also identified. In addition, we also
found TET2 single-nucleotide variants and indels as reported
previously6 as well as RHOA mutations.8 On the basis of these
findings, we performed targeted whole-exon sequencing for
CD28, TET2 and RHOA on 90 T-cell lymphoma cases (38 AITL—
including 5 also having WTS, 40 PTCL-NOS and 12 ALK-ALCL). In 88
cases, subtype was assigned molecularly.4 For PTCL-NOS cases,
GEP previously performed13 classified the cases into TBX21 or
GATA3 subtypes; cases that did not fit into either category were
considered as ‘unclassified’ (Table 1). Clinical information for all
cases in this study is available in Supplementary Table 1.

CD28 mutations are relatively frequent in AITL and correlate with
poor survival. The frequencies of CD28 mutations are presented
in Table 1 and Figure 1d, and the TET2 and RHOA mutation status
and molecular diagnosis for individual cases are in Table 2. The
average depth in our targeted sequencing platform was 41000-
fold, and VFs for a single-nucleotide polymorphism (rs3116496)
within the targeted region reveal a single-nucleotide polymorph-
ism proportion of ∼ 50% (Supplementary Table 3). Paired-end
reads filtered out likely misreads, and only recurrent mutations
affecting the same codon were identified to reduce the possibility
of artifact or random calls. Mutations at D124 and T195 were
identified by these criteria, and 7 of 105 (6.7%) PTCL cases had a
mutation at one of these residues, including 6/53 (11.3%) AITLs.
Two mutations, both at residue T195, had VFs 410% in the
targeted platform data, and one mutation at D124 had a VF of
45%. There was no difference in relative expression of the T-cell
signature (as defined in ref. 13; Supplementary Figure 1B) between
CD28 wild-type and mutant cases in the transcriptome data. There
was also no significant difference in average TET2 or RHOA VF
based on CD28 mutation status in either the RNAseq or the
targeted sequencing platforms (Supplementary Figures 1C–F).
AITL cases with CD28 mutations have inferior survival to CD28 WT
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cases (P= 0.005; Figure 1c). We also found apparent mutations at
residue phenylalanine 51 (F51) as previously reported in T-cell
lymphomas,12,38 but these were all found at extremely low
apparent VF (o2%) and could not be verified by droplet digital
PCR.39 We also subjected published PTCL sequencing data
sets10–12 to the same analysis pipeline and found two T195P
and three F51 mutations, ranging from 2.29% to 41.12% VF

(Supplementary Table 4). A case of a fusion of CD28 with family
member CTLA4 has recently been reported in Sézary syndrome,40

and a recent report on adult T-cell leukemia/lymphoma shows
several mutations and fusions of CD28.41 We examined our WTS
data for additional CD28 fusion transcripts but none were found.
We also examined our NK/γδTCL data42 and found no CD28
mutations.

Table 1. Recurrent mutations in CD28 in screened T-cell lymphoma cases

Number (% of screened)

T195 D124 Total by diagnosis (%)

AITL (n= 53)a 3 (5.7) 3 (5.7)b 6 (11.3)
PTCL, NOS (n= 40) TBX21 (n= 19) 1 (5.3) 0 1 (5.3)

GATA3 (n= 12) 0 0 0
Unclassified (n= 9)a 0 0 0

ALCL, ALK− (n= 12) 0 0 0
Total by residue 4 3 7 (6.7)

Abbreviations: AITL, angioimmunoblastic T-cell lymphoma; ALK, anaplastic lymphoma kinase; NOS, not otherwise specified; PTCL, peripheral T-cell lymphoma.
Summary of mutations in CD28 found on targeted sequencing of PTCL cases, grouped by resultant mutated residue and diagnosis. Seven of total 105 cases
(6.7%) had mutations at recurrent residues within CD28. aOne case of AITL and one case of PTCL-Unclassified has only a histological diagnosis. bOne D124E
case also has a T195P mutation at lower variant frequency; this case is only tabulated in the D124 column.
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CD28 mutant D124V has a greater affinity for CD86 than CD28 WT
The D124V mutant found in the ICOS–CD28 fusion protein in an
AITL case exchanges a negatively charged amino acid for an
uncharged, hydrophobic one; and D124E (AITL) substitutes it for a
slightly larger but equally charged R-group. These recurrent D124
mutations are immediately C-terminal to the core of the highly
conserved ligand-binding site of CD28 (refs. 30,43; see Figure 1c).
To assess whether D124 mutations affect the affinity of CD28 for

its physiological ligands, we selected the CD28 D124V mutant for
SPR-based analysis of the binding affinity of CD28 for its ligands.

Representative binding curves and Scatchard plots for determina-
tion of experimental Kd and Ka are shown in Figures 2a–d. The
affinity of CD28 D124V for CD86 was an average 2.6-fold higher
than that of CD28 WT (Figure 2e; Po1 × 10− 5 for six replicates),
whereas CD80 binding affinity was not significantly different.
To understand why CD86 has a greater affinity for the CD28

D124V mutant than for CD28 WT, we modeled their interaction
(Figure 3). Because a complete crystal structure of CD28 bound to
ligand is not available, we used the crystal structures of the CD28
extracellular domain28 and the complex between CD86 and CD28
family member CTLA4.29 In this model, the protein surface in the
vicinity of the D124V mutation has a more positive overall charge
compared with CD28 WT and more closely resembles the surface
charge of CTLA4 (Figures 3c, f and i), which binds CD86 with a 20-
to 100-fold greater affinity than CD28.44–46 This is possibly because
the negatively charged D124 counters any surrounding positive
charges, leading to a neutral surface on CD28 WT. The D124V
mutant is therefore expected to interact more strongly with the
negatively charged pocket of CD86 (Figures 3a, d and g, black-
dashed outline). Thus, the increased affinity of the mutant may
result from improved charge complementarity. Furthermore,
several residues, notably in the ligand-binding site, are rotated
compared with CD28 WT. This is likely a result of the improved
electrostatic interactions with the mutant CD28, leading to a
better packing of the interface. We also performed molecular
modeling on the CD80–CD28 interaction (Supplementary Figure 3;
Supplementary Table 5) in the same manner using the crystal
structure of CTLA4 in complex with CD80.30

CD28 mutant T195P has a higher affinity for GRB2 and
GADS/GRAP2 than the CD28 WT
The T195P mutation changes a polar amino acid to a hydrophobic
one at the residue between the YMNM-containing SH2-binding
motif and proximal PxxP-containing SH3-binding motif, essential
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Table 2. Mutated residue in CD28 by diagnosis, variant frequency, and
TET2 and RHOA mutation status and frequency

Codon Disease Residue
change

Variant
frequency

TET2
mutation
variant

frequency

RHOA
mutation
variant

frequency

D124 AITL D124V 21.9 (Tr) 16.0 (Tr) 11.9 (Tr)
D124Ea 49.1 (Tr) 45.6 (Tr) 28.5 (Tr)
D124E 5.9 11.57 9.75

T195 AITL T195P 64.2 (Tr) 50.0 (Tr) 11.2 (Tr)
10.58 17.73 3.72

T195P 42.7 (Tr) 28.12 (Tr) 20.6 (Tr)
T195P 2.17 44.98 21.1

PTCL-TBX21 T195I 12.3 13.09 14.4

Abbreviations: AITL, angioimmunoblastic T-cell lymphoma; PTCL, periph-
eral T-cell lymphoma. The CD28 mutation reads are grouped by diagnosis.
Because TET2 mutations are varied, and individual cases often have more
than one single-nucleotide variant (SNV) or indel, only the presence of
SNVs or indels and the highest variant frequency are shown. Variant
frequencies are either from transcriptome (Tr) or from targeted sequencing
data as indicated. aThis case with D124E also had a T195P mutation at 6.6%
variant frequency.
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mediators of adaptor protein binding during downstream
signaling.47 This mutant of CD28 is predicted to have a higher
affinity for GRB2 than WT according to ScanSite.48 To examine
experimentally whether T195P alters the affinity of CD28 for
adaptor proteins, we determined the affinity of this form of CD28
for several SH2 domains in known binding partners (Figure 2). For
two replicates, only GADS/GRAP2 and GRB2 showed significant
differences, so each was assayed six more times. The CD28 T195P
mutant had an average 1.7-fold greater affinity for GADS/GRAP2
and a 2.0-fold greater affinity for GRB2 than the CD28 WT
(Po1 × 10− 5 for both).
No complete crystal structure of the CD28 cytoplasmic domain

is available. However, there is one model of a synthesized (non-
native) CD28 phosphotyrosine motif interacting with the SH2
domain of the adaptor protein GRB2,31 which we employed to
build our model. The CD28 T195P mutation, which alters the lone
residue between the SH2- and proximal SH3-binding motifs, was
predicted to modify the conformation of the cytoplasmic tail
C-terminal to the mutation (Figures 3j–l). Interestingly, the
HADDOCK model49 predicts that the interaction with GRB2′s
SH2 domain is not directly altered. Rather, P196, within the
adjacent SH3-binding motif, contorts significantly, potentially

increasing the interaction between the CD28 P196 Cβ and Cδ
atoms and the side chains of GRB2 R142 and N143, respectively.
Comparing wild-type CD28 with the T195P mutant, the distance
between P196 Cβ and the closest guanidino [-NHC( =NH)NH2]
group of GRB2 R142 is essentially unchanged (4.5 vs 4.7 Å).
However, the distance between P196 Cδ and the closest amino
group on GRB2 N143 decreases from 10.6 to 6.9 Å, drawing it close
enough to interact. Given the lack of constraints in this model that
would be imposed by the remainder of the CD28 tail, these results
must be interpreted with caution; however, they do provide a
plausible explanation for the altered affinity.

CD28 mutants alter transcription and induce higher NF-κB
pathway activation than CD28 WT
To determine whether these mutations alter the kinetics or
magnitude of CD28 signaling, we examined the expression of
transcripts previously determined to be regulated upon CD28
ligand binding in Jurkat and/or CD4+ T cells.50 Jurkat cells
transduced with CD28 WT or mutants with similar levels of
expression (Supplementary Figure 4) were incubated for the
indicated times with beads ligated with anti-CD3 antibody and
CD86. CD28-positive Jurkat cells were chosen instead of CD28-null
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Figure 3. Protein modeling of CD28 WT and D124V interacting with CD86, and CD28 WT and T195P interacting with GRB2. (a–i) PyMOL
models of CD86 bound to receptor CTLA4, CD28 WT or CD28 D124V with APBS-generated electrostatic surfaces. (a–c) CD86–CTLA4
interaction. The residue corresponding to D124 in CD28 (L141) is indicated in (c), and the protein surface in the vicinity of this residue has an
overall positive charge (also apparent in b). The negatively charged binding surface of CD86 can be seen in (a) (dashed line and surrounding
area). (d–f) CD86–CD28 WT interaction. The surface around D124 is more neutral compared with CTLA4. (g–i) CD86–CD28 D124V interaction.
Replacement of the negatively charged aspartate residue leads to a more positively charged surface, similar to CTLA4. The orientation of
several residues is changed (Y118—red arrow, P121—black arrow) between CD28 WT and CD28 D124V in these models. (j–l) PyMOL models
of the CD28 cytoplasmic tail with or without the T195P mutant binding adaptor protein GRB2. (j, l) CD28 WT (j) and T195P (l) cytoplasmic tail
binding GRB2 (j, salmon; l, chartreuse). T195 is colored black (j) and T195P is colored yellow (l). Note the distances between CD28 P196
carbons Cβ (black-dotted circle) or Cδ (black-dashed circle) and the closest non-hydrogen atoms on GRB2 (red arrows). CD28 P196 Cβ moves
from 10.6 Å away from GRB2 N143 in the CD28 WT to 6.9 Å in CD28 T195P. (k) Overlay of CD28 WT vs T195P mutant binding of GRB2. There is
a significant change in orientation of several CD28 residues: proximal SH3-domain P196 (purple arrow) rotates and approaches GRB2 N143 in
the CD28 T195P mutant. GRB2 R142 and N143 have a strikingly different rotation in the CD28 T195P mutant compared with WT (red dashed
circle).
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for this experiment to best model the heterozygous-mutant
tumor, as only one allele in the tumor cells is expected to be
mutated.
Expression profiles were similar among the samples (Figure 4a);

the Nanostring method, which directly counts the number of
transcripts in a given sample, was chosen because it has greater
reproducibility than qPCR.36 Two of the assayed genes, CD226 and
TNFA, showed upregulation in CD28 T195P over WT (Figures 4b
and c). No assessed transcript was significantly different between
CD28 D124V and WT.
An NF-κB reporter vector was transfected into these Jurkat cells,

and the cells were exposed to beads coated with anti-CD3 and
either CD80 or CD86 (Figure 4d). Compared with Jurkat cells
transduced with CD28 WT, D124V showed a 1.9-fold greater NF-κB
induction in response to CD80 and a 1.7-fold greater induction
to CD86. T195P showed 1.5-fold and 1.8-fold higher NF-κB
induction to CD80 and CD86, respectively. The increase in
activation by the D124V mutant did not significantly differ
between CD80 and CD86, an unexpected finding given the
difference seen in the SPR (Figure 2). We also compared the
GEPs of the 6 CD28-mutant AITL cases with those of CD28
WT AITL cases and found 178 differentially-regulated genes
(Supplementary Figure 5A). Gene set enrichment analysis showed
several differentially-regulated pathways, most notably an
increased T-cell signal transduction signature in CD28-mutant
cases and a higher B-cell development signature in CD28 WT cases
(Supplementary Figure 5B–I).

DISCUSSION
Recent sequencing studies on PTCLs, particularly AITL, have shown
frequent mutations in RHOA and in the epigenetic modifiers TET2,
DNMT3A and IDH2, as well as less frequent mutations affecting
TCR signaling proteins, including FYN.7–11 Our study finds similar
frequencies and locations of TET2 mutations in AITL and other
types of PTCL as previously determined,8–11 and we show that the
less frequent CD28 mutations may have a role in promoting TCR
and NF-κB signaling.
CD28 stimulation by ligand CD80 (B7.1) or CD86 (B7.2) is

required for normal activation of T cells. Via multiple adaptor
proteins, CD28 stimulation increases NFAT and NF-κB signaling,
leading to proliferation, cytokine production and the prevention
of anergy. Thus, enhanced CD28 activation by mutation could lead
to abnormal T-cell activation and contribute to the development
of PTCL. Interestingly, CD28 expression in multiple myeloma has
been shown to alter myeloma proliferation and survival,51 and to
be predictive of disease progression and relapse in conjunction
with CD86, but not CD80, expression.52,53

In the current study, we found multiple CD28 mutations and a
fusion transcript involving CD28 in PTCLs. One such mutation,
T195P, was observed in AITL in previous studies,12,54 including the
demonstration of mildly enhanced CD28 signaling. Here, we
report a number of novel findings regarding the CD28 mutations.
In particular, our study suggests a survival disadvantage for AITL
patients with tumors containing CD28 D124 and T195 mutations,
demonstrates increased affinity of the CD28 mutants for ligand
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Figure 4. CD28 D124V and T195P mutants alter transcriptional profiles and increase NF-κB signaling in response to CD28 ligation. (a) Jurkat
cells stably transduced with GFP-containing retroviral constructs expressing CD28 WT or mutants were stimulated with beads ligated with
anti-CD3+CD86 for the indicated time, and specific transcripts were quantitated using the Nanostring nCounter. The heat map was
constructed from comparative expression profiling of the indicated genes. (b, c) Two transcripts, CD226 and TNFA, showed significantly
increased expression in cells expressing the CD28 T195P mutant. *Po0.05 between T195P and WT; ***Po0.005 between T195P and WT.
There is no significant difference between the D124V and WT. (d) Luciferase reporters of NF-κB activation were transduced into Jurkat cells
expressing the indicated CD28 transgene and stimulated with the indicated beads for 4 h. Diagram averages three replicates ± s.d. *Po0.05;
**Po0.01; ns, not significant. Both CD28 mutants activated NF-κB more strongly than WT upon ligation of CD80 or CD86 with CD3
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and interacting proteins, visualizes these interactions through
molecular modeling and quantifies the mutants’ influence on
downstream signaling.
The fusion transcript between ICOS and CD28 is driven by the

ICOS promoter. Because ICOS is highly expressed in AITL, it is
expected that this fusion can drive higher CD28 expression
(Supplementary Figure 1). However, the signal peptide, encoded
by the first exon of ICOS, is cleaved from the final protein, such
that the product only contains CD28 with the mutation. A recently
reported case of Sézary syndrome had a CTLA4–CD28 fusion,40

whose expression is expected to be driven by CTLA4; in this case,
the extracellular domain of CD28 is replaced by CTLA4, which
augments CD28 intracellular signaling through the higher-affinity
CTLA4 extracellular domain. A study on adult T-cell leukemia/
lymphoma41 found rare D124, T195 and F51 mutations, as well as
both ICOS–CD28 and CTLA4–CD28 fusion transcripts. Although we
found no CTLA4–CD28 fusions, we show that enhanced CD28
pathway activation can be achieved also through mutation. The
D124V mutant, which occurs adjacent to the extracellular ligand-
binding site, has an increased affinity for ligand CD86 shown by
modeling and SPR analysis (Figures 2 and 3). Our modeling of the
interaction between CD86 and CD28 indicates that the increased
affinity of the D124V mutant is likely due to improved electrostatic
interactions as opposed to steric or hydrophobic factors. There is
also evidence of enhanced downstream target activation. The fact
that the D124V mutant has the same NF-κB activation with either
CD80 or CD86 stimulation is unexpected based on the binding
analysis (Figure 2), which shows CD86, but not CD80, having a
higher affinity for the D124V mutant. The model of the CD80–
CD28 interaction shows several interactions that could explain
these findings (Supplementary Figure 3). On the cell surface, the
orientation of CD28 homodimers is highly constrained, whereas in
the SPR flow cell, they are three-dimensionally unconstrained.
Three-dimensional Ka measurements by SPR of TCR/MHC interac-
tions are ∼ 1000-fold lower than the same analysis in two
dimensions.55 Thus, it is possible that a difference in affinity for
CD80 between WT and mutant CD28 when confined to the
plasma membrane may not be apparent by SPR analysis. Also,
crystal structures of the modeled complexes would be useful, as
they may reveal changes not predicted by the molecular
modeling.
The T195P mutant has an increased affinity for adaptor proteins

GRB2 and GADS/GRAP2 by SPR (Figure 2). Our limited molecular
modeling supports these SPR results and suggests that interac-
tions between GRB2 residues R142 and N143 and the mutant
CD28 T195P may stabilize the docking of GRB2 at the CD28
SH2-binding motif (Figure 3).
There are several possible mechanisms by which increased

ligand affinity may augment CD28 signaling. First, the increased
affinity for SH2-containing adaptor proteins may directly increase
CD28 signaling. Another possibility is through reduced receptor-
mediated endocytosis. The PI3K regulatory subunit’s SH2 domain
binds to the phosphotyrosine motif of the CD28 cytoplasmic tail
and affects a wide range of changes, including CD28 receptor
internalization.56 Our binding assays show no significant differ-
ence between the CD28 WT and CD28 T195P binding of PI3K
regulatory subunits (Figure 2d). Because GRB2 and GADS/GRAP2
have a significantly higher affinity for the T195P mutant tail over
WT, perhaps these adaptor proteins outcompete PI3K for binding
to the CD28 SH2-binding motif and thereby compromise CD28
endocytosis. A decreased downregulation of CD28 signaling
would have the same effect as direct overactivation; for example,
to augment cell cycling, proliferation and cytokine production.
Analysis of gene expression using nCounter (Figure 4) showed

enhanced upregulation of two CD28-responsive genes, CD226 and
TNFA, by CD28 T195P compared with WT. CD226 is crucial for TFH
differentiation57 and can significantly modulate T-cell function by
outcompeting its inhibitor TIGIT to bind receptor CD155.58 TNFA is

a potent cytokine that enhances proliferation, in part by inducing
IκB-kinase phosphorylation and NF-κB activation.59 It is also
interesting that CD28-mutant AITL cases showed upregulation of
the T-cell signal transduction signature over CD28 WT AITL cases
(Supplementary Figure 5B). One major consequence of TCR/CD28
signaling is the activation of the NF-κB signaling pathway, and
both mutants demonstrate enhanced NF-κB activity using a
luciferase reporter assay. Taken together, these data support the
notion that the two CD28 mutations explored in this study may
impart a functional advantage to CD28-mutant T cells.
We also observed other recurrent possible CD28 mutations with

VFs below the standard cutoff for inclusion. One such mutation at
F51 was observed in other T-cell lymphomas,12,38 and we also
detected mutations at this residue through our bioinformatics
pipeline in the PTCL data sets of others (Supplementary Table 4),
but we could not verify them in our own samples by droplet
digital PCR.
TET2 mutations tend to have the highest allelic frequencies

among the common mutations in PTCL. CD28 mutations tend to
have lower VFs and may represent a late-stage mutation, giving a
subclone a selective advantage. Alternatively, the lower-VF of
CD28 mutations may represent a subclone that supports other
cells in a paracrine manner, such as through cytokine secretion. It
would be highly interesting to determine the allelic frequency of
CD28 mutants in refractory or relapsed disease to assess their
contributions in these settings. The presence of CD28 mutations in
PTCLs supports the importance of TCR/CD28 signaling from our
GEP data. The CTLA4–CD28 fusions reported in Sézary syndrome as
well as the other infrequent fusions and CD28 mutations found in
adult T-cell leukemia/lymphoma40,41 underscore the relevance of
T-cell activation via enhanced CD28 signaling as important for the
pathogenesis of T-cell lymphomas and suggest that targeted
treatments against these activation steps may yield novel
methods to treat these cancers.
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