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Abstract

The tetraspanin CD151 is a marker of aggressive cell proliferation and invasiveness for a variety of
cancer types. Given reports of CD151 expression on T cells, we explored whether CD151 would
mark T cells in a hyper-activated state. Consistent with the idea that CD151 could mark a
phenotypically distinct T cell subset, it was not uniformly expressed on T cells. CD151 expression
frequency was a function of the T cell lineage (CD8 > CD4) and a function of the memory
differentiation state (Tnaive < Tcm < Tem < TEmra)- CD151 and CD57, a senescence marker,
defined the same CD28- T cell populations. However, CD151 also marked a substantial CD28+ T
cell population that was not marked by CD57. Kinome array analysis demonstrated that
CD28+CD151+ T cells form a subpopulation with a distinct molecular baseline and activation
phenotype. Network analysis of these data revealed that cell cycle control and cell death were the
most altered process motifs in CD28+CD151+ T cells. We demonstrate that CD151 in T cells is
not a passive marker, but actively changed the cell cycle control and cell death process motifs of T
cells. Consistent with these data, long-term T cell culture experiments in the presence of only IL-2
demonstrated that independent of their CD28 expression status, CD151+ T cells, but not CD151-
T cells, would exhibit an antigen-independent, hyper-responsive proliferation phenotype. Not
unlike its reported function as a tumor aggressiveness marker, CD151 in humans thus marks and
enables hyperproliferative T cells.
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INTRODUCTION

T cell homeostasis is essential to maintain the naive T cell population as well as the T cell
populations that constitute our immunological memory (1-4). In healthy individuals, T cell
homeostasis is tightly controlled through the integration of a wide variety of mechanisms.
Homeostatic T cell proliferation is driven by various combinations of cytokines and low
affinity interactions with self-antigen (5-8). Accordingly, known receptors involved in T cell
homeostasis include, but are certainly not limited to cytokine receptors such as IL-7R or
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IL-15R (9), the TCR, as well as co-stimulatory molecules such as CD28. At the cellular
level, the involved signaling pathways that transduce these signals into the cells involve a
plethora of different proteins, including kinases (10-15) and phosphatases (16—20).
Misalignment of any of the components that form this highly complex network can result in
increased T cell proliferation, a lowered threshold for antigen activation, or a loss of immune
tolerance and the development of autoimmune phenotypes (8, 21, 22). A protein family that
has a functional profile compatible with influencing the T cell activation state via their
ability to mobilize intracellular T cell signaling molecules would be tetraspanins, but a
potential role of tetraspanins in T cell homeostasis or misalignment thereof has not been
explored.

In mammalians, tetraspanins are a family of 33 different small proteins with four
transmembrane-spanning domains that are known to regulate cell morphology, motility,
invasion, fusion and that are involved in cell proliferation and apoptosis in a variety of
different cell types (for reviews see (23-28)). Tetraspanins have an exceptional ability to
coordinate cell surface molecules laterally binding to other tetraspanins or to other
membrane proteins (integrins, CD2, CD4, CD8, CD5, CD19, CD21, Fc receptors, MHC
class I and class I1) (reviewed in (26)) to form the highly specialized structure known as
tetraspanin-enriched microdomains (TEMs) (29, 30) or tetraspanin-webs (31). Tetraspanin,
likely as a function of the cell type, have been described to influence Rac, PKC and CDC42
activity (32, 33) or Ras, ERK/MAPK1/2 and protein kinase B (PKB)/Akt signaling (34, 35).
Also, PKCa or phosphatidylinositol 4-kinase (P14K) have been reported to associate closely
with certain tetraspanins, including CD9 and CD81 (23, 36, 37).

Some tetraspanins (CD9, CD37, CD81, CD151) have been reported to be expressed on T
cells, where their function has mostly been described using knockout mouse models. With
only little experimental evidence having been accumulated using human T cells, it
nevertheless seems clear that tetraspanins affect T cell activation in ways similar to co-
stimulation (25, 38-42). We were particularly interested to detail the role of CD151 in T cell
biology, as increased CD151 expression has been associated with aggressive cell
proliferation and invasiveness for a variety of different tumor types, suggesting that its
altered expression may be linked to a hyperactivated T cell state. For example, increased
CD151 expression has been associated with tumor aggressiveness in breast cancer,
endometrial cancer, esophageal squamous cell carcinoma, epithelial malignancies, non-small
cell lung cancer, pancreatic ductal adenocarcinoma, colon cancer or prostate cancer (43-51).
Genetic ablation of CD151 expression has been reported to reduce metastatic spread of
cancer, providing functional evidence that increased CD151 expression may actively
contribute to this aggressive phenotype (52). In immunology, CD151 has been reported as a
negative regulator of FceRI-mediated mast cell activation (53). On T cells, CD151 has been
shown to stabilize the immunological synapse following T cell activation, and silencing of
CD151 blunts IL-2 secretion and expression of the activation marker CD69 (54-56).
Consistent with previous reports that CD151 interacts and signals in combination with
integrins, silencing of CD151 expression also diminished the relocalization of a4p1 integrin
to the immunologic synapse (IS), which resulted in reduced phosphorylation of the integrin
targets FAK and ERK1/2 (54).
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Here we demonstrate that CD151 is expressed on a subset of T cells and once expressed,
actively alters the molecular signaling phenotype of these cells. Different from other
tetraspanins, such as CD37 or CD81 that are ubiquitously expressed on all T cells, we
demonstrate that CD151 on T cells differentially marks specific subpopulations within both
CD4 and CD8 lineages and throughout all differentiation states. In line with the role of
CD151 as a marker of tumor aggressiveness, we demonstrate that CD151 is involved in
active outside-in signaling and that CD151+ T cells exhibit increased proliferative
propensity in the absence of antigen-specific TCR activation even in CD28- cells, which are
believed to be senescent. Consistent with its role in cancer, CD151 in humans thus marks
and enables hyper-responsive T cells. Our data further suggest that in humans, expression of
CD151 on selective T cell subsets provides a so far unrecognized component of the
signaling network that influences T cell homeostasis.

MATERIALS AND METHODS

Cell culture and isolation of primary peripheral bloods cells

All cells were maintained in RPMI 1640 supplemented with 2 mM L-glutamine, 100 U/ml
penicillin, 100 ug/ml streptomycin and 10% heat inactivated fetal bovine serum.
Cryopreserved peripheral blood mononuclear cells (PBMC) from healthy adults were
obtained through the UAB Clinical Sample Repository, after local institutional review board
approval was obtained and all donors had consented to this study. For some of the studies,
PBMCs derived from buffy coats were used (Research Blood Components, LLC; Brighton,
MA, U.S.A.). PBMCs were isolated from peripheral blood using Ficoll-Paque Plus density
gradient centrifugation (GE Healthcare Life Sciences, Uppsala, SE) and were cryopreserved.
For the experiments, cryopreserved PBMCs were thawed, counted and assessed for viability
with a Guava EasyCyte flow cytometer (EMD Millipore, Billerica, MA). Lymphocyte
viability ranged from 85-95%.

Flow cytometric analysis and reagents

LIVE/DEAD™ Fixable Aqua Stain (Invitrogen, Carlsbad, CA) excited by violet 405nm
laser and detected by 512nm emission channel, was used to exclude dead cells from
analysis. The T cell phenotype was determined by staining with mAbs: CD3-APC efluor780
(UCHTZ1, eBiosciences, San Diego, CA), CD4-V500 (RPA-T4 or SK3, BD Biosciences,
Franklin Lakes, NJ), CD151-phycoerythrin (14A2.H1, BD Biosciences), and CD25-FITC or
-APC (M-A251, BD Biosciences). Antibodies recognizing CD45RA-APC ((H1100, BD
Biosciences) and CCR7-Percpcy5.5 (150503; BD Biosciences) were used to define naive T
cells (Ty: CD45RA* CCRT7*), central memory T cells (Tcp: CD45RA™ CCRT7), effector
memory T cells (Tgp: CD45RA™ CCR77) and T effector memory RA—positive cells
(Temra: CD45RA* CCR7). Intracellular staining of the proliferation antigen Ki-67-FITC
(B56, BD Biosciences) was performed using the BD Cytofix/Cytoperm kit according to the
manufacturer’s protocols. Ki-67 is an intracellular protein that is exclusively expressed in
cycling cells in the late G1, Gy, S and M-phases, and accordingly, it is absent in resting cells
(Go) (57) and is therefore frequently used to detect actively cycling cells. Flow cytometric
analysis and cell sorting experiments were performed using an LSR 11 flow cytometer and
FACS ARIA Il instrument, respectively (Becton Dickinson). Gates for flow cytometric
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acquisition and analyses were based on “fluorescence-minus-one” (FMO) controls and
single stain compensation controls. Data were analyzed using FlowJo software (Treestar,
Ashland, OR).

T cell proliferation assays

For proliferation assays the T cells were labeled with 1 uM carboxyfluorescein succinimidyl
ester (CFSE) (Invitrogen). Cells were plated at 5 x 10° cells/well in 96-well flat-bottom
plates and incubated for 5 days following addition of 1L-2. The extent of T cell proliferation
is proportional to the decrease in CFSE-fluorescence, with every cell division decreasing the
CFSE fluorescence intensity of the daughter cells by 50%. The frequency of CFSE!oW T
cells was used as a measurement of total T cell proliferation, and flow cytometry gates were
set using untreated control conditions as the baseline. For long-term IL-2 culture
experiments IL-2 (30 U/mL) was added every 2-3 days and samples were harvested at the
indicated time-points of the 31 days experimental period. Upon harvesting, cells were
washed, labeled with specific mAbs (CD3, CD4, CD8, CD28 and CD151), and subjected to
flow cytometric analysis.

Generation of CD151-overexpressing T cells

The expression plasmid pMSCV-CD151 was constructed by cloning the cDNA sequence
coding for human CD151 into a murine stem cell virus-derived retroviral vector
(PMSCVpuro; Clontech) using standard PCR techniques (5’ Xho1-
GAAACTCGAGatgggtgagttcaacgagaagaag; 3’ EcoR1-ATTCGAATTCtcagtag-
tgctccagcettgagac). pMSCV-CD151 was co-transfected with pHIT60 (gag/pol) and pVSV-G
into HEK-293T cells using FUGENE® 6 Transfection Reagent (Promega) to produce
retroviral vector particles. Culture supernatants containing retroviral CD151-vector particles
were harvested 2 — 4 days post transfection and used to transduce Jurkat CD4* T cells.
Sorted CD151M9N Jurkat-cells and mock-transduced Jurkat cells were used for subsequent
kinome analysis.

Kinex™ Antibody Microarray Analysis

To perform kinome analysis using Kinex™ microarrays, 50 ug of lysate protein from each
sample were labeled with a proprietary fluorescent dye according to the manufacturer’s
instructions (Kinexus, Canada). The utilized KAM-850 chips were spotted in duplicates with
over 850 antibodies: 510 pan-specific antibodies used in the chip allows for the detection of
189 protein kinases, 31 protein phosphatases and 142 regulatory subunits of these enzymes
and other cell signaling proteins. 340 phospho-specific antibodies tracked the unique
phosphorylation of 128 sites in protein kinases, 4 sites in protein phosphatases and 155 sites
in other cell signaling proteins. The background-corrected raw intensity data were
logarithmically transformed with base 2. Z scores were calculated by subtracting the overall
average intensity of all spots within a sample from the raw intensity for each spot, and Z
score ratios were calculated by dividing Z scores by the standard deviations (SD) of all of
the measured intensities within each sample. To minimize unspecific background signals,
three lysates from Jurkat and three lysates from J-CD151 cells were harvested at different
growth stages and were pooled to provide one sample for Jurkat and one sample for J-
CD151 cells prior to loading on the Kinexus antibody microarray. The ArrayExpress
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accession number for the dataset is E-MTAB-5978 (https://www.ebi.ac.uk/arrayexpress/). To
minimize unspecific background signals in the kinome analysis of primary T cells,
CD4+CD151- and CD4+CD151+ T cells from 5 different healthy donors were each sorted
and the lysates from all CD4+CD151- T cells and from all CD4+CD151+ T cells were
pooled prior to loading on the Kinexus antibody microarray. The ArrayExpress accession
number for the dataset is E-MTAB-5977 (https://www.ebi.ac.uk/arrayexpress/).

All kinome data that were used for GO-motif analysis or to generate protein-protein
interaction networks are available in the Supplemental Tables file. GO-motif analysis and
protein-protein Interaction Networks (PINs) were generated using MetaCore software
(Thomson Reuters). In the presented studies, we exclusively used the MetaCore direct
interaction algorithm to link the proteins that were found altered in our kinome array
analysis experiments into a network. This algorithm only uses proteins that are uploaded to
generate a protein-protein interaction network and does not allow for the computational
inclusion of additional proteins during the network generation process. Detailed procedures
have been previously described by our group (58).

Of note, to demonstrate that the MetaCore direct interaction algorithm that was used for the
analysis of our kinome data cannot produce a network from a list of random genes we
attempted to build a network from a list of genes that served as HIV-1 integration sites in
patients (59). HIV-1 is known to integrate into actively expressed genes, however, no strong
integration site bias has been reported and as such this gene list can be considered random.
As seen in Figure 3A, the direct interaction algorithm (or for that matter more complex 1-
step or 2-step algorithms) was not able to link this random list of genes into a network.

Statistical analysis

RESULTS

Statistical analyses to determine all differences (e.g. CD151 or Ki-67 expression frequency)
were performed using a Student’s t-test. Enrichment of CD151 cell surface expression
across memory subsets was assessed by repeated measures ANOVA with Bonferroni’s
multiple comparisons post-test correction. Correlation analyses for normally distributed
CD151 induction data were performed using Pearson’s correlation coefficient. The statistical
software used was GraphPad Prism v5.0d (Graphpad Software, La Jolla, CA, USA). p-
values for all statistical analyses are depicted as follows: *p<0.05, **p<0.01, ***p<0.001.

CD151 expression patterns as a function of T cell lineage and differentiation state

CD151 has been reported to be uniformly expressed on a variety of cell types. Increased
expression levels of CD151 have been associated with a series of cancers and higher CD151
expression levels have been associated with tumor aggressiveness (43-51). As a marker for
functionally distinct T cell populations, CD151 would have to be either expressed at
different expression levels on distinct populations (high/low) or CD151 would have to be
present on distinct T cell subpopulations, independent of the expression level. Given reports
that CD151 expression contributes to the stability of the IS (54, 55), we had expected CD151
to be expressed on all T cells, but surprisingly, CD151 marked distinct subpopulations.
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CD151 was expressed in a lineage dependent manner, with a higher percentage of CD8+ T
cells being CD151+ at baseline (~60%; range: 26—-82%) than CD4+ T cells (~25%; range:
6-43%) (Figure 1A). To assess CD151 expression frequency as a function of the T cell
differentiation state, antibodies recognizing CD45RA and CCR7 were used to define naive T
cells (Ty), central memory T cells (T¢pm), effector memory T cells (Tgpyy) and T effector
memory RA-positive cells (Tgpmra)- As seen in Figure 1B, within each of the two T cell
lineages, the CD151 expression frequency increased with the T cell differentiation state.
Naive T cells populations held the lowest number of CD151+ T cells and Tgpmra
populations were highly CD151+. Given the contribution of the various memory T cell
populations to the total CD4* or CD8* T cell populations (data not shown) this means that
the majority of CD4*CD151* T cells are either T¢p or Ty cells, whereas the majority of
CD8*CD151* T cells are found in the Ty and Tepmra population (Figure 1C). This
differential expression of CD151 would allow for the possibility that CD151 marks a
particular T cell phenotype that would emerge in the CD4+ and CD8+ T cell lineages and in
all memory differentiation states.

CD151 expression as a function of CD28 or CD57 expression

To further our contextual understanding of CD151 expression, we next determined CD151
expression on T cells in relation to other key T cell markers that have been associated with
defined functional states. Given the increased frequency of CD151 in more differentiated T
cell populations, we were particularly interested in the relationship of CD151 with
senescence markers. Loss of CD28 expression is considered a hallmark of T cell senescence.
We found that CD4+CD28- T cells and CD8+CD28- T cells were mostly CD151+ (Figure
2A) with some variations among donors (Figure 2B). CD151 expression in both CD4+ and
CD8+ T cells was also linked to CD57 expression, a positive marker of senescent T cells
(60) and CD4+CD57+ and CD8+CD57+ T cell populations were generally found to be
CD151+. However, other than CD57, which was mostly expressed on CD28- T cells,
CD151 also marked a CD28+ T cell subpopulation, suggesting that CD151 has a unique
ability to mark not only “senescent” CD28-CD57+ T cells, but also to resolve the CD28+ T
cell population into two, previously unrecognized subpopulations.

The association of CD151 expression with CD28 expression status and CD57 expression
with CD28 expression status for a total of 20 donors for CD4+ T cells and CD8+ T cells is
shown in Figures 2B and 2C, respectively. The data clearly demonstrate that CD151 also
marks a phenotypically non-senescent subpopulation of CD28+CD57- T cells. The size of
the CD4+CD28+CD151+ T cell population was on average 23.3% (range: 8-48%), whereas
the size of the CD8+CD28+CD151+ T cell population was on average 33.8% (range: 12—
67%). The corresponding CD4+CD28+CD57+ and CD8+CD28+CD57+ T cell populations
were 2.7% and 4.9% in size, respectively (p<0.0001). These findings imply that while
CD151 expression can also be expressed on senescent CD28-CD57+ T cells, rather than
being a senescence or exhaustion marker, CD151 seems to provide a unique phenotype or
functionality that is shared between senescent and non-senescent T cells.
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Kinome array analysis reveals massive differences in the molecular networks controlling
CD151+ and CD151- T cells

The T cell population that is resolved only by CD151 and not by the previously described
senescence marker CD57 is the CD28+CD151+ population. Therefore, to develop an initial
understanding of the molecular biology of T cells that exhibit a CD28+CD151+ phenotype,
we used kinome array analysis to describe the system-wide differences in the molecular
signaling networks of CD151- and CD151+ T cells. As kinome array analysis requires a
high amount of cell material and our data suggested a similar role of CD151 for CD4+ and
CD8+ T cells, we opted to sort for CD4+CD151+ and CD4+CD151- T cell populations,
which are more abundant than the equivalent CD8+ T cell populations. Cells from 5 healthy
donors were obtained, sorted and subjected to kinome array analysis.

To understand baseline differences in the protein networks, we compared the kinomes of
CD4+CD151- and CD4+CD151+ T cells (Supplemental Table I). A total of 104 signals
were found altered between CD4+CD151- and CD4+CD151+ T cells either at the level of
protein expression or phosphorylation. Note that some signals pertain to the same protein as
for some proteins several antibody spots are found on the chip. Network analysis using the
MetaCore direct interaction algorithm that creates a network using only the objects in the list
of altered proteins confirmed the quality of the kinome data. A random list of proteins would
not connect or may connect in small groups, but not a network (Figure 3A). In the protein-
protein interaction network using the direct interaction algorithm that describes the
difference between CD151- and CD151+ T cells, all but 4 of 104 different seed nodes
linked up into a single network (Figure 3B). Overall, in CD151+ T cells more kinases,
transcription factors or phosphatases were found expressed at a lower level or less
phosphorylated (62) rather than increased (42) in the absence of any stimulus, possibly
indicative of a resting phenotype (Figure 4A). This would be consistent with the findings
that CD151 is more likely expressed on differentiated memory T cells or is somewhat
associated with a senescent phenotype. Network analysis identified the Btk/R-catenin/PKC/
FAK2-pathway (associated with Positive regulation of response to stimulus (p= 1.378e-32))
and the ATF-2/QIK/CaMKII/R-catenin/ATF-2/c-Jun-pathway (associated with Positive
regulation of cellular metabolic process (p= 1.380e—27)) as the highest ranked curated
pathways associated with the list of identified altered proteins. Consistent with these
pathway motifs, the highest ranked network hubs were p53, c-Jun, STAT3 and [-catenin
(Figure 3C). Gene Ontology (GO) enrichment analysis ranked (i) regulation of programmed
cell death, (ii) regulation of cell cycle as the highest ranked specific motif changes, and
positive regulation of MAPK cascade as the highest specific biological process that would
be associated with the observed protein changes between CD151- and CD151+ T cells. 64%
of the proteins found altered in their expression or phosphorylation state were involved in
programmed cell death (p=5.660e—24), 46% of the altered proteins were associated with
cell proliferation (p= 19.630e-18) and 27% of the altered proteins were involved in the
MAPK signaling (p= 1.115e-10).

Since the network analysis of the kinome studies demonstrated that CD151+ cells were
associated with a positive regulation of response to stimulus, we next compared the response
of CD151- T cells and CD151+ T cells to IL-2 stimulation. IL-2 is considered signal #3 in
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the T cell activation process, and is thought to mostly sustain proliferation of T cells that
have been activated by TCR recognition of their cognate antigen, followed by proper co-
stimulation through CD28 receptor engagement by CD80 or CD86 on the antigen presenting
cell. Resting T cells have no or only low levels of the high-affinity IL-2 receptor CD25, but
express the low-affinity IL-2 receptor CD122. IL-2 exposure was intended to investigate
possible response differences to immunologically relevant non-antigen stimuli that would be
expected to be present at elevated concentrations in lymph nodes, but would be mostly
absent in the peripheral blood, and would not be considered a cytokine typically associated
with homeostatic proliferation (61-63).

The analysis was done using the same, sorted donor T cell material (5 donors) that was used
for the analysis of phenotypic molecular differences between CD151- and CD151+ T cells.
The CD151- or CD151+ T cells from each donor were exposed to I1L-2 (30 U/ml) for 24
hours, harvested and subjected to kinome analysis.

As IL-2 responsiveness /n vivo is thought to depend on the previous recognition of cognate
antigen, IL-2 exposure by itself should only cause a limited amount of changes in the signal
transduction network. This was indeed the case for CD151— T cells where 63 low-amplitude
differences between untreated and IL-2 treated cells were recorded (Figure 4B; upper graph;
Supplemental Table I1). However, consistent with the baseline kinome motifs of CD151+ T
cells (positive regulation of response to stimulus), addition of 1L-2 resulted in an
exaggerated response (Figure 4B). For CD151+ T cells a total of 110 differential signals
with a larger signal amplitude-range were recorded than observed for CD151- T cells,
(104/110 linked; Supplemental Table I11), suggesting that CD151+ T cells are hyper-
responsive to IL-2 without a requirement for cognate antigen recognition (Figure 4B; lower
panel). The top 3 GO motifs that were associated with the IL-2 induced changes in CD151+
T cells were regulation of cell death (p = 3.108e-22), MAPK cascade (p = 2.720e-22) and
regulation of cell proliferation (p = 3.660e—20). When we detailed the I1L-2 response (Figure
4C), we found that CD151- and CD151+ T cells actually shared a total of 28 proteins that
were dynamically altered by IL-2 (Supplemental Table IV). In addition, 29 regulated
proteins were unique to the CD151- T cell response, but the changes were all in the low
dynamic range (Supplemental Table V). In contrast, a total of 81 proteins were found
uniquely altered in CD151+ T cells in response to IL-2 and the observed changes were more
dynamic than those observed in CD151- T cells (Figure 4C lower panel; Supplemental
Table VI).

These system-wide data provided first evidence that CD151+ T cells, which are found
throughout all T cell differentiation states, are phenotypically different from CD151- T
cells. At baseline, consistent with the higher frequency of CD151+ T cells in resting or
senescent memory T cell populations, CD151+ T cells seemed to be less activated, however,
in the presence of IL-2, CD151+ T cells exhibited a hyperresponsive molecular phenotype.

CD151 expression actively changes the host cell phenotype

While the transcription factor signature that drives CD151 expression could alter the
baseline and response phenotype of CD151+ T cells, we wanted to investigate whether
CD151 would just be a passive marker or an actively signaling molecule on T cells. Reports
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describing CD151 interaction with PIK4 or PKC signaling make the latter idea a distinct
possibility (23, 36, 37), however, none of these findings came from experiments using T

cells. To determine a possible impact of CD151 expression on the signaling network of T
cells, we generated CD151 overexpressing Jurkat T cells (J-CD151; Figure 5A).

Relative to the parental Jurkat T cells and a Jurkat T cell population that was transduced
with an empty retroviral vector, forced expression of CD151 caused a total of 47 changes to
the signaling network of J-CD151 cells (Figure 5B; only proteins that remained unaltered in
mock-transduced cells relative to Jurkat cells, but were altered in J-CD151 cells were
considered; Supplemental Table 7). There were two striking observations. CD151
overexpression resulted in an unprecedented relative level of changes in the phosphorylation
state of the altered proteins, rather than in the regulation of protein expression when we
compared these data with previously published kinome analysis experiments from our group
or the other kinomic data presented in this study (58, 64, 65). Out of the 47 altered signals,
33 signals indicated differences in the phosphorylation state, all of which showed increased
phosphorylation. Similarly, all of the 14 signals that indicated changes in protein expression
were upregulated signals. In line with the idea that CD151 would provide an activating
signal, CD151 overexpression exclusively resulted in signal increases.

Also in line with the data we obtained when we compared primary CD151+ and CD151- T
cells, analysis of the direct interaction network that was altered in J-CD151 when compared
to the parental control cells (45 out of 47 seed nodes connected), the highest ranked specific
GO process motifs were regulation of programmed cell death (52.50% of altered proteins; p-
value: 4.111e-12) and regulation of cell proliferation (50% of altered proteins; p-value:
1.843e-10). The MAPK cascade GO motif phenotype observed in primary CD151+ T cells
was also reproduced (27.50% of altered proteins; p-value: 7.170e-10). As seen in Figure 5C
and 5D, the phenotypic changes predicted by network analysis based on the signal changes
detected by kinome analysis were indeed predictive of functional changes. Consistent with
the GO motif analysis, J-CD151 cells had (i) a higher proliferative capacity and (ii)
exhibited increased viability. When we compared cell proliferation capacity, starting at low
input cell numbers (1x103 cells/ml) that allowed the T cells to remain in exponential growth
phase during the experimental period, J-CD151 T cells proliferated at a significantly higher
rate (Figure 5C). Also, when compared to the parental Jurkat T cells, J-CD151 cells
exhibited an overall increased viability (Figure 5D).

These data clearly demonstrate that CD151 is not only a passive marker, but that CD151 in
this system actively signaled to alter T cells in a manner similar to the differences observed
between primary CD151- and CD151+ T cells, with phenotypic changes mostly pertaining
to a cell proliferation and a cell survival phenotype. The data also validated the predictive
analytical capacity of kinome analysis based pathway motif analysis.

CD151 marks hyper-responsive, unchecked T cells

To challenge the kinome analysis derived prediction that primary CD151+ T cells differ
from CD151- T cells either in their ability to proliferate or in their ability to survive, we
initiated long-term cultures using primary T cells from four donors. In these experiments,
the T cells were not stimulated by polyclonal activators such as PHA-L or anti-CD3/CD28

J Immunol. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Seu et al.

Page 10

mAb combinations, but cultured in the presence of only IL-2 (30 U/ml), which is a known
survival factor for T cells. IL-2 was the first reported mitogenic lymphokine known that was
shown to stimulate T cells to undergo cell cycle progression. However, other than IL-7 or
IL-15, which have been reported to drive antigen-independent homeostatic T cell
proliferation, IL-2 would not stimulate growth of T cells that were not previously antigen
experienced (or PHA-L/anti-CD3/CD28 mAb activated), but would continuously drive T
cell cycling over several months after the T cells were activated by cognate antigen (61-63).

CFSE experiments over 5 days using T cells derived from 4 healthy donors did not show
significant induction of CD151 expression by IL-2 alone but consistent with the kinome
data, demonstrated that IL-2 induced T cells underwent at least one round of cell
proliferation during this experimental period (Figure 6A). As similar cultures were extended
to day 31, we followed the relative contribution of the CD151+ and the CD151- T cell
subpopulations to the total T cell population. To obtain information on the senescence status
of the respective T cell populations, we further resolved the T cell populations for their
CD28 status (Figures 6B and 6E) and to determine whether changes in the size of the 4
different CD28+CD151+ populations would be associated with proliferative capacity, we
stained for the proliferation marker Ki67 on day 14 of the experiments (Figures 6C and 6F).

For the first 5 days of this experiment, within the CD4+ T cell population,
CD4+CD28+CD151- T cells constituted the dominant T cell population (~80%; range: 26—
82%), then their frequency dropped to contribute <17% (range 3-24%) by day 14.
Conversely, CD4+CD28+CD151+ T cells, which initially constituted ~17% (range: 8-23%)
of the total CD4™" T cell population, had increased to ~80% (range: 74-95%) by day 14, and
remained at this level until day 31 of the experiment. Somewhat surprisingly, the size of the
CD4+CD28-CD151+ T cell population, which constituted 0.1-2.4% of the initial T cell
population increased to contribute ~13% of the total CD4+ T cell population on day 31
(range: 12-15%). The small CD4+CD28-CD151- T cell population (1.3-3.7%) further
decreased in size (all Figure 6B). These data would suggest that CD4+ T cells in this
experiment would proliferate upon IL-2 exposure as a function of their positive CD151
status and not as a function of their CD28 status.

These observations were confirmed in the CD8+ T cell population. Here the CD28/CD151
baseline composition differed from CD4+ T cells, as the CD28- T cell populations
significantly contributed to the overall population (CD8+CD28-CD151-: 16%; range: 9—
20%; CD8+CD28-CD151+: 16%; range: 8-37%).

Independent of these baseline differences, as in CD4+ T cells, both CD8+CD151+ T cell
populations (CD28+/CD151+) expanded, whereas both CD8+CD151- T cell populations
(CD28+CD151-) contracted (Figure 6E) over time in the presence of IL-2, similar to the
population dynamics observed in CD4+ T cells.

Thus, surprisingly, the ability to proliferate in response to IL-2, in the CD4+ or in the CD8+
T cell population, was not associated with the CD28 expression status (CD28*/7), but was
rather was associated with the CD151 expression status. In either T cell lineage, even
CD28- T cells, which are considered to be in a state of replicative senescence by some, had
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proliferative capacity in the presence of IL-2, if they expressed CD151. CD28+CD151- T
cells, for neither T cell lineage exhibited a relevant propensity to proliferate. CD28-CD151-
T cell populations, while being measurable at the beginning of the experiment, in particular
in the CD8+ T cell population, were eliminated from these cultures, suggesting that CD151
may even provide a survival signal for CD28- T cells, which would be consistent with the
kinome data that network changes observed in CD151+ T cells were associated with cell
survival or proliferative capacity.

While selective cell death in some of the populations cannot be excluded as a factor
contributing to the shifts in population size, Figures 6C-D for CD4+ T cells and Figures 6F—
G for CD8+ T cells demonstrate that the changes in the T cell composition were associated
with a superior capacity of CD151+ T cells to respond to IL-2 with entry into active cell
cycle. At baseline (ex vivo) donors on average have less than 2% of CD4*Ki-67* or
CD8*Ki-67" T cells (see Figure 7). In contrast, 14 days into the IL-2 long-term culture, 40%
(range: 32-48%) of the CD4+CD28+CD151+ T cells and 38% (range: 25-56%) of the
CD8+CD28+CD151+ T cells were Ki-67-positive and therefore actively cycling. Only 3%
of CD4+CD28+CD151- T cells (range: 1-6%) and 6 % of CD8+CD28+CD151- T cells
(range: 1-16%) expressed Ki-67. A statistically meaningful analysis of the CD4+CD28-
population on day 14 was not possible, as we could not acquire a sufficient number of
events. Nevertheless, these data clearly suggest that CD151+ T cells in comparison to
CD151- T cells have increased cycling capacity in the absence of TCR engagement. Of
note, while knockdown of CD151 has been reported to decrease the ability of T cells to
produce IL-2, the differences in proliferative capacity between CD151+ and CD151- T cells
in our experimental system would not be based on increased production of IL-2 by CD151+
T cells following external IL-2 stimulation, as extrinsic addition of IL-2 did not stimulate
IL-2 production (data not shown).

Given that T cells are not known to efficiently proliferate in the absence of cognate antigen,
and that IL-2 is not a signal that has been associated with homeostatic T cell proliferation,
we conclude that CD28+CD151- T cells undergo normal controlled responses to TCR-
independent stimuli, whereas CD151+ T cells, independent of their CD28 status are
hyperresponsive to at least IL-2 and exhibit a somewhat unchecked proliferation phenotype
in the absence of TCR/CD3 stimulation.

CD151 expression on actively cycling T cells

If CD151, as indicated by our experiments, is a marker that predicts the propensity of T cells
to proliferate in the absence of antigen, we would expect to see that ex vivo CD151+ T cell
populations are more likely to harbor cycling Ki-67+ T cells than CD151- T cells. While we
would postulate that CD151+ T cells are more likely to cycle in a cytokine-rich environment
such as a lymph node, we would still expect to see a certain level of Ki-67 enrichment in
peripheral blood. To test this idea, we obtained PBMCs from 15 donors and compared the
number of Ki-67+ T cells in the CD151+ T cell populations with the number of Ki-67+ T
cells in the CD151- T cell population (Figure 7). Of note, CD4+ T cells from healthy donors
are largely CD28+, which precluded us from detailing a possible effect additional effect of
the CD28 status on Ki67 expression. In this analysis, we found 0.8% of the CD4+CD151- T
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cell population to be Ki67+ (range: 0.1-1.7%), whereas 3.7% of the CD4+CD151+
population was Ki67+ (range: 2.2—-7.3%). A similar comparison was performed for the
CD8+ T cell population. Here we found 0.9% of the CD8+CD151- T cell population to be
Ki67+ (range: 0.3-2.3%), whereas 1.9% of the CD8+CD151+ population was also Ki67+
(range: 0.8-2.8%). Overall, these data suggest that even in the peripheral blood CD151+ T
cells have an increased propensity to proliferate.

DISCUSSION

Impaired T cell homeostasis can result in increased T cell proliferation, a lowered threshold
for antigen activation, or even in the loss of immune tolerance and the development of
autoimmune phenotypes (8, 21, 22). A marker that identifies T cells with an increased
capacity to spontaneously proliferate in the absence of antigen stimulation would allow us to
more specifically study these T cells and possibly devise strategies to correct this type of
immune misalignment. In here we provide data that the tetraspanin CD151 not only serves
as a marker of hyper-responsive T cells with an increased propensity to proliferate in the
absence of antigen recognition (Figure 6), but also demonstrate that CD151 expression
actively contributes to this state (Figure 5).

Consistent with the requirements of a marker, we found CD151 to be expressed on
subpopulations of the CD4 or CD8 T cell lineages (Figure 1). In either lineage CD151 was
expressed on subpopulations of T cells representing all different differentiation states

(Thaive: Tcm» Tem: TEMRA), albeit at significantly different frequencies (Figure 1). The
differentiation-state- and lineage-independent expression of CD151 suggests that the specific
transcriptional program that drives CD151 expression must be independent of transcriptional
programs that govern lineage differentiation, or transcription signatures that govern memory
T cell differentiation. This would be an important criteria for a marker of hyperresponsive T
cells, as T cell misalignment has been reported to occur at all T cells differentiation states,
including naive T cells (3, 4, 66).

We found CD151 to be expressed on parts of a T cell population that has been described as
senescent (CD28-CD57+), but primarily we found CD151 to mark a significant part of the
CD28+CD57- T cell population that so far has been considered as uniform and fully
functional. Analysis of CD151+ and CD151- T cells at the signal transduction level using
kinome analysis provided evidence that CD151 expressing T cells at baseline form a
population with a distinct molecular phenotype (Figure 4A) that exhibited an exceedingly
strong molecular activation response following IL-2 exposure (Figure 4B). At baseline and
following IL-2 stimulation, network analysis suggested changes to the cell proliferation and
survival capacity of CD151+ T cells. This molecular response phenotype was functionally
confirmed in IL-2 stimulated long-term T cell cultures in which CD151+ T cells proliferated
in the absence of stimulation by cognate antigen (Figure 6). Most importantly, under these
culture conditions it was not the CD28 expression status, which has been linked to T cell
senescence or exhaustion, but the capacity of T cells to proliferate in the absence of antigen
that was associated with the CD151 expression status. Both, CD28+CD151+ and
CD28-CD151+ T cells proliferated, a phenomenon that is more clearly visible in CD8+ T
cells than in the CD4+ T cell population, which mostly lacks CD28- T cells. Conversely,
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neither in CD4+ nor in CD8+ T cell populations did we observe I1L-2 induced proliferation
of CD151- T cells, independent of their CD28 expression status.

The differential molecular baseline state and stimulation response behavior, based on CD151
expression, could have two explanations. First, the transcriptional signature that drives
CD151 expression could alter the baseline phenotype and the response phenotype of
CD151+ T cells. While this is a distinct possibility, it is difficult to experimentally test. The
challenge would be to distinguish between the phenotypic contributions of a multitude of
other transcription factor signatures that drive the differential expression of markers of T cell
differentiation (e.g. CCR7, CD45RA) or T cell markers that have been associated with
senescence (e.g. loss of CD28 or CD57) and the specific contributions of the transcription
factor signature that drives CD151 expression.

We thus directly tested whether CD151 expression actively alters the signal transduction
network once it is overexpressed in an uniform and experimentally controlled T cell system.
These experiments demonstrated that CD151 expression, in the absence of differences in the
transcriptional signature, actively influences the T cell phonotype and is more than a passive
marker. CD151 overexpressing Jurkat T cells (J-CD151)showed extensive differences in
their kinome signature when compared to control cells that were marked by a pronounced
hyper-phosphorylation phenotype (Figure 5C). Consistent with the pathway motif results
that suggested alterations in cell cycle control, J-CD151 cells, indeed proliferated by 30%
faster during exponential growth, which is rather surprising given that Jurkat cells are a
highly aggressive tumor cell line with a doubling time of <24 hours. As such, the observed
hyperproliferative, unchecked phenotype of primary CD151+ T cell observed in response to
IL-2 treatment in long-term cultures and the differential kinome profile of CD151 expressing
T cells may in part originate from an altered transcription factor signature (inside-out
signaling), but certainly the active outside-in signal associated with CD151 expression
should contribute to the increased proliferative baseline capacity of CD151+ T cells.

An interesting question is how a molecule like CD151 that has not been described to have
significant direct signaling capacity, but has been reported to signal in complex with mostly
integrin partners could cause an altered baseline signal transduction network once expressed.
CD151 function has been detailed in a series of publications that describe the interaction of
the extracellular part of CD151 with the extracellular domain of integrins (67). These
CD151/integrin complexes have been found associated with phosphoinositide 4-kinase (37)
and with protein kinase C signaling (36, 68). Hemler and colleagues have suggested that
tetraspanin proteins such as CD151 have a transmembrane linker function, where the
extracellular portion of CD151 would associate with the integrin, and the cytoplasmic tail
determines the specific consequences of integrin outside-in signaling (36, 68, 69). We would
thus propose that the observed changes caused by the presence of CD151 on T cells are the
result of lateral CD151/integrin interactions that optimize the signaling capacity of the
integrin network.

In extension, our findings obviously imply that not only CD151, but likely also other
tetraspanins could have the ability to fine-tune T cell phenotypes. Notably, CD81 has already
been shown to act as a co-stimulatory molecule (70, 71). Similarly to CD151, the tetraspanin
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CD8L1 is also recruited to the IS during TCR stimulation (72), but there are no studies yet on
how CD81 expression is regulated as a function of T cell lineage or memory differentiation
state, such as the one we present here. The tetraspanin CD9 is another possible modulator of
T cell phenotype as CD9 in complex with integrins has also a role in IS formation (54). Our
findings suggest that beyond their reported role in IS formation, the tetraspanin/integrin
composition on T cells likely plays a mostly unrecognized role in fine-tuning T cell
responsiveness and T cell homeostasis.
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Figure 1. CD151 marks T cell populations independent of lineage commitment and memory

differentiation state

(A) Lineage dependent expression of CD151 was determined by quantifying the percentage
of CD4*CD151* and CD8*CD151* T cells for a total of 28 healthy human donors. (B) The
frequency of CD151+ T cells as a function of the memory differentiation state was

determined for a total of 16 healthy donors are shown. T cell subsets are defined by patterns
of CD45RA and CCRY expression: Naive T cells (Ty: CD45RA* CCR7*), central memory
T cells (Tcm: CD45RA™ CCR7Y), effector memory T cells (Tgm: CD45RA™ CCR7)and T
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effector memory RA-positive cells (Temra: CD45RAT CCR77). A possible association of
the percentage of CD151* T cells with the different memory T cell populations was
analyzed using repeated measures ANOVA statistical analysis with a Bonferroni’s multiple
comparisons post-test correction. (*p<0.05, **p<0.01, ***p<0.001). (C) Pie charts showing
the absolute contributions of the T cell memory subsets to the total CD151+ T cell
population.
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Figure 2. CD151 expression marks a unique CD28+ T cell population
With loss of CD28 and increase in CD57 expression being the classic markers of T cell

senescence we detailed the association of these markers with CD151 on CD4+ or CD8+ T
cells. (A) Dot plot analysis shows the representative paired cell surface expression patterns
of CD28/CD151, CD28/CD57 and CD57/CD151 on CD4+ and CD8+ T cells from a
representative donor. (B) CD151 and CD57 expression frequencies on T cells from 20
donors are compared as a function of CD28 expression demonstrating that CD151 marks a
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CD28+ T cell population that is not recognized by CD57. (C) A similar analysis as in (B)
was performed for CD8+ T cells.
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Figure 3. Protein-protein interaction network describing the altered baseline phenotype of
CD151+ T cells

(A) Negative control reference data set for direct interaction algorithm generated networks.
HIV-1 is known to integrate into actively expressed genes, however, no strong integration
site bias has been reported and as such this gene list can be considered random. The
MetaCore direct interaction algorithm that was used for the analysis of our kinome data
cannot produce a network from a list of genes that were described as HIV-1 integration sites
by Han et al., J Virol. 2004. (B) CD4+ T cells from a total of 5 donors were sorted to obtain
CD4+CD151- and CD4+CD151+ T cell populations. To reduce unspecific background
signals lysates from the CD151- T cell populations or the CD151+ T cell populations,
respectively, were pooled prior to loading the lysate mixes on Kinexus antibody arrays. The
proteins that were found differentially expressed or phosphorylated in CD151+ T cells when
compared to CD151- T cells were then used as seed nodes to generate a protein-protein
interaction network using a direct interaction algorithm in MetaCore. The seed nodes
marked by a gray circle indicate altered protein signals associated with a GO enrichment cell
proliferation motif. Red arrows indicate seed nodes associated with the MAPK cascade. (C)
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The table insert lists the key hubs of the network. Edges refer to the number of connections
that an individual hub has in the network (green: numbers of outgoing (controlling)
connections; red: numbers of incoming (controlled by) connections).
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Figure 4. CD151 expression associated protein regulation profiles
Graphic depiction of the differential regulation of protein expression and protein

phosphorylation states for the various experimental conditions describing differences in the
absence or presence of IL-2 stimulation for CD151- and CD151+ T cells. Lowered Z-ratios
(-4.0 to —1.0) derived from the respective kinome array analysis experiment, which
represent protein states that are downregulated in CD151+ T cells relative to CD151- T
cells, are assigned a blue color, with the lowest z-ratio = —4.0 being represented by the dark
blue bar under the map. Similarly, protein states with an increased Z-ratio (1.0-4.0) (42
proteins) are assigned a red color with the highest z-ratio = 4.0 being represented by the dark
orange bar under the map. Barcode representations indicate phosphorylation signals in
orange and assign each altered protein signal to the MAPK pathway (crimson), cell death/
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apoptosis (gray) or cell proliferation/cell cycle (blue). (A) At baseline, in the absence of
stimulation, 104 proteins that were found altered in primary CD151+ T cells when compared
to CD151- T cells (see Supplemental Table I) of which 42 proteins provided an increased
and 62 proteins a decreased signal. (B) 63 protein signals were found altered in primary
CD151- T cells following stimulation with I1L-2 of which 33 proteins provided an increased
and 30 proteins a decreased signal (see Supplemental Table I1). (C) 110 protein states were
altered in CD151+ T cells in response to IL-2 treatment, of which 60 proteins provided an
increased and 50 proteins a decreased signal (see Supplemental Table I11). (D) Detailed
graphic depiction of the parts of the IL-2 response of primary T cells that were shared
between CD151- and CD151+ T cells (see Supplemental Table IV), that were unique to
CD151- T cells (see Supplemental Table V) and that were unique to CD151+ T cells (see
Supplemental Table VI).
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Figure 5. Protein-protein interaction network describing the effect of CD151 on the phenotype of
T cells

(A) Jurkat T cells were retrovirally transduced to overexpress CD151. (B) Graphic depiction
of the differential regulation of protein expression and protein phosphorylation states for the
61 proteins that were found altered by the expression of CD151. Lowered Z-ratios (-4.0 to
-1.0) derived from the respective kinome array analysis experiment, which represent protein
states that are downregulated in J-CD151 T cells relative to Jurkat T cells, are assigned a
blue color, with the lowest z-ratio = —4.0 being represented by the dark blue. Protein states
with an increased Z-ratio (1.0-4.0) are assigned a red color. Barcode representations indicate
phosphorylation signals in orange and assign each altered protein signal to the MAPK
pathway (crimson), cell death/apoptosis (gray) or cell proliferation/cell cycle (blue). (C)
Jurkat and J-CD151 cells were seeded at 1x103 cells/ml and cell numbers after 6 days of
culture were determined using a GUAVA EasyCyte flow cytometer. The results represent the
mean + standard deviation of 4 independent experiments. (D) Jurkat and J-CD151 cells were
seeded at 1x103 cells/ml and cell viability was determined after 6 days of culture using a
GUAVA EasyCyte flow cytometer. The results represent the mean + standard deviation of 4
independent experiments.
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Figure 6. CD151 expression on T cells is associated with an increased proliferative capacity in the
absence of TCR-activation

(A) PBMCs from 4 donors were CFSE-stained and then cultured for 5 days in the absence or
presence of IL-2. Proliferation was then measured as a reduction of CFSE fluorescence
intensity using flow cytometric analysis. The baseline gate was adjusted based on the
majority population in untreated cell cultures, while the proliferation gates were adjusted
using anti-CD3/CD28 mAD stimulated PBMCs (data not shown). PBMCs from another 4
donors were cultured in the presence of IL-2 (30 U/mL), which was replenished every 2-3
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days for a total of 31 days. At the indicated time points, the contribution of the four possible
CD28*/~ CD151*~ T cell populations to the total T cell population was assessed using flow
cytometric analysis. (B) Kinetic changes in the CD28%/~ CD151*/~ T cell composition of the
CD4* T cell populations are depicted as mean population percentage + standard deviation
and show an enrichment of the CD28+CD151+ T cell population over time. (C) On day 14,
cells were stained for the expression of the proliferation marker Ki67 as a function of
CD151 expression to address whether the enrichment of the CD28*/~CD151+ T cell
population was driven by proliferation effects. (D) The percentage of CD4+Ki67 expressing
cells for the 4 donors on day 14 expressed as a function of the CD28+ CD151*/~ expression
status. (E) Kinetic changes in the CD28*/~ CD151* T cell composition of the CD8* T cell
populations are depicted as mean population percentage + standard deviation and show an
enrichment of the CD28*/~CD151+ T cell populations over time. (F) To address whether the
observed enrichment of the CD28*/~CD151+ T cell populations was driven by proliferation
effects, on day 14 cells were stained for the expression of the proliferation marker Ki67 as a
function of CD151 expression. (G) The percentage of CD8+Ki67+ expressing cells for the 4
donors on day 14 expressed as a function of the CD28*/~ CD151*/~ expression status.
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Figure 7. Association of Ki-67 and CD151 on peripheral T cells
Peripheral blood cells from 16 healthy donors was obtained, stained for expression of CD3,

CD4, CD8, CD151 and Ki-67 and analyzed by flow cytometry. (A) The percentage of
CD4+Ki67+ T cells as a function of their CD151 expression status for all donors. (B) The
percentage of CD8+Ki67+ T cells as a function of their CD151 expression status for all
donors.
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