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ARTICLE INFO ABSTRACT

Keywords: The role of the inducible costimulatory of T cells (ICOS) has been shown to be important for many different T cell
1Cos outcomes and is indispensable for follicular helper T cell (Try) responses. Since its discovery, there have been
ICO_SL several studies on the regulation of ICOS at a transcriptional level. However, the post-translational regulation of
iglgllcum helper T cells ICOS has not been well characterized. Here, we demonstrate that ICOS is internalized following ligation. We
D3 show that costimulation with CD3 results in differential internalization and fate than stimulation of ICOS alone.

Costimulation

Additionally, we show that ICOS internalization is PI3K and clathrin mediated. The studies presented here not

only increase the mechanistic understanding of ICOS post-translational regulation but also give insight into the
potential mechanisms by which T cells expressing high affinity receptors may be preferentially chosen to become
Try cells with increased ICOS levels.

1. Introduction

The seminal model of two signal lymphocyte activation states that
lymphocytes require not just an antigen receptor signal, but also a sec-
ond (costimulatory) signal [1-3]. The most well characterized cos-
timulatory families are the B7 and CD28 families. The B7 family includes
the ligand of Inducible Costimulator of T cells (ICOSL), PD-L1, PD-L2,
B7-H3, and B7-H4. These ligands are primarily found on APCs, but can
also be found on non-hematopoietic cells. The CD28 family members
include CD28, ICOS, PD-1, BTLA and CTLA-4. Interaction between B7
and CD28 family members have key roles in regulating T cell responses.
While several of these family members are necessary for proper T cell
activation in response to T dependent antigens, ICOS and ICOSL have
been shown to be essential for both Tgy development and correspond-
ingly productive GC responses [4].

ICOS was first discovered in humans as being a homodimeric protein
with a molecular mass of 55-60 kDa [5]. In contrast to CD28 which is
able to bind to both CD80 and CD86, ICOS binds only one ligand, ICOSL
[6-8]. ICOS lacks the MYPPPY motif present in CD28 and CTLA-4 which
is necessary for interaction with CD80 and CD86 [5,9]. Early studies
indicated that downstream signaling was similar between ICOS and
CD28. Both CD28 and ICOS ligation causes phosphatidylinositol 3-ki-
nase (PI3K) activation which ultimately results in the activation of
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AKT to promote cell proliferation and survival [10-13]. ICOS cross-
linking, similar to CD28 crosslinking, can lead to the recruitment of both
p50a and p85a regulatory subunits of PI3K [12,14]. However, ICOS
crosslinking has been shown to result in stronger AKT activation than
CD28 crosslinking in activated CD4" T cells. ICOS crosslinking prefer-
entially recruits p50a for AKT activity, but p85a recruitment by ICOS
stimulation has recently been shown to result in Tpy differentiation of
CD4" T cells [14]. Additionally, ICOSL deficient mice have a similar
phenotype to ICOS deficient mice, suggesting the importance of their
cognate interaction [15].

Since its discovery by Hutloff et al. [5], there have been many studies
showing the importance of ICOS in T cell function. ICOS is lowly
expressed on resting T cells but is quickly upregulated in response to
TCR cross-linking and/or CD28 stimulation [5,6]. The primary mecha-
nism of transcriptional regulation of Icos is thought to be through T cell
activation via TCR signaling. However, there have been several studies
showing the importance of Icos mRNA regulation through miRNAs and
other proteins. Vinuesa et al. showed that a loss of function mutation in
Roquin-1 led to increased Icos mRNA levels and humoral autoimmunity
[16]. This lab later showed the importance of Roquin-1 in limiting Icos
mRNA levels through the 3° UTR of Icos mRNA [20]. However, complete
loss of Roquin-1 in mice did not have the same increase in Icos mRNA
levels as Sanroque mice suggesting a redundant pathway in Roquin-1
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Fig. 1. ICOS undergoes receptor mediated endocytosis and is degraded. (A-B) CD4" T cells were stimulated as in Materials and Methods. Surface (A) and total
(B) ICOS levels were determined at indicated time points by flow cytometry. Mean + SD with n = 4 for each time point and treatment group. Data is representative of

two individual experiments.

mediated regulation of Icos mRNA [21]. This group showed that
Roquin-2 was able to function in the absence of Roquin-1 to limit Icos
mRNA levels. However, with a loss of function mutation in Roquin-1,
Roquin-2 did not function to limit Icos mRNA [17]. These studies
showed that there is some redundancy in Icos mRNA regulation. Roquin
mediated Icos mRNA regulation requires mirl46a [18]. Mir146a KO
mice had a similar phenotype to Sanroque mice due to elevated Icos
mRNA levels [18].

Similar to the internalization of CD28 following cognate interaction,
it has also been shown that crosslinking of ICOS results in ICOS inter-
nalization on T cells [19]. Mice that lack the sheddase for ICOSL
(ADAM10) result in an overexpression of surface ICOSL on APCs [19].
Interestingly, this increased ICOSL expression caused a compensatory
decrease in ICOS surface levels on T cells. This was not due to decreased
transcriptional levels of Icos but rather internalization of the protein.
However, the fate of internalized ICOS was not determined in that study
but it was hypothesized that it may be degraded upon internalization as
total ICOS (surface + intracellular) was decreased in mice with elevated
ICOSL levels [19].

The findings in this study give insight into the post-transcriptional
regulation of ICOS, particularly after internalization following recep-
tor ligation. We show that ICOS is preferentially shuttled to recycling

endosomes following internalization when CD3 costimulation is present.
In the absence of CD3 costimulation, ICOS is shuttled to the lysosomal
pathway. These studies not only give a mechanistic picture of ICOS post-
transcriptional regulation, but may also explain why antigen specific T
cells are preferentially chosen to become Tgy cells which rely on high
ICOS levels.

2. Materials and Methods
2.1. Mice

C57BL6/J mice were purchased from Jackson (000664) and main-
tained at Virginia Commonwealth University (VCU) in a barrier vivar-
ium facility in accordance with the humane treatment of laboratory
animals sets forth by the National Institutes of Health and the American
Association for the Accreditation of Laboratory Animal Care. All mouse
protocols were conducted with the permission and oversight of the VCU
Institutional Animal Care and Use Committee. Sex was randomized be-
tween groups by including equal numbers of male and female mice
mixed in each pooled sample. Mice ages ranged between 8 and 16 weeks
for all experiments.
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2.2. T cell isolation

Spleens were homogenized and passed through a 40 pm mesh.
Erythrocytes were lysed using ammonium-chloride-potassium lysing
buffer (Quality Biologic). CD4" T cell isolation was conducted using
negative selection via MojoSort Mouse CD4 T cell isolation kit (Bio-
Legend). Single cell suspensions were incubated with CD4 T cell isola-
tion antibody cocktail for 30 min on ice. Cells were washed 3 times with
PBS and magnetic beads were incubated with cells for 10 min at room
temperature. Magnetic separation was used and non-bound cells were
collected and cultured as below.

2.3. Cell culture

Isolated mouse T cells were cultured in cRPMI 1640 containing 10%
FBS, 2 mM r-glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin,
1 mM HEPES, 1 mM sodium pyruvate and 2 mM 2-mercaptoethanol.

2.4. ICOS internalization assays

Isolated WT CD4" T cells were incubated with anti-CD3 (2 pg/mL)
for 16 h to increase surface ICOS levels. Cells were rested for 2 h on ice
and then incubated with either 5 pg/mL biotinylated anti-CD3 (145-
2C11; BioLegend), 5 pg/mL biotinylated anti-ICOS (C398.4A; Bio-
Legend), or both antibodies for 30 min on ice. Cells were then washed
two times with cold PBS to remove unbound, excess antibody. Pre-
warmed media with 20 pg/mL purified streptavidin was then added to
cells to crosslink biotinylated antibodies. Cells were fixed at indicated
time points and cells were permeabilized and stained for ICOS, Tfr, and
LAMP1 and analyzed by Amnis ImageStream. For studies with in-
hibitors, cells were pretreated for 60 min with indicated inhibitors prior
to addition of biotinylated antibodies. Because of the reversible nature

LAMP1_ICOS CD71_LAMP1_ICO{
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Fig. 2. Type of stimulation dictates ICOS lyso-
somal pathways. CD4" T cells were isolated from
spleens of mice and stimulated as indicated for indi-
cated amount of time. Cells were then fixed and
permeabilized and stained for ICOS, LAMP1 and TfR
and examined by Amnis ImageStream. (A) Repre-
sentative images of cells with indicated stimulations
for 15 min. (B) Quantitative analysis of LAMP1 and
ICOS colocalization at 15 min. (C) Quantitative
analysis of ICOS and TfR colocalization at 15 min.
One-way analysis of variance with Tukey’s post-test
(B & C; mean + SD). Data are pooled from two
experiments.

of some of the inhibitors, inhibitors were included during incubation
steps included antibody binding and crosslinking. Wortmannin was used
at 1 pM ammonium chloride was used at 10 mM, dynasore was used at
40 pM, and cycloheximide was used at 20 pg/mL.

2.5. Flow cytometry and image cytometry

For flow cytometry cells were washed with FACs buffer (5% FBS in
PBS with 2 mM EDTA). Fc receptors were blocked with 5 pg 2.4g2 [20]
for 10 min at 4 °C. Antibodies were added at indicated concentrations
45 min at 4 °C. Cells were washed two times with FACs buffer and fixed
in Fixation Buffer (BioLegend, 420801), or secondaries were added and
incubated for 30 min at 4 °C followed by fixation. For intracellular
staining, following fixation, cells were permeabilized using Intracellular
Stain Permeabilization Buffer (BioLegend, 421002) according to man-
ufacturer’s protocol. Cells were stained for intracellular markers for 60
min at room temperature and washed and fixed. Flow cytometry data
was collected on an LSR FortessaX-20 (BD) and analyzed in FCS Express
5. For image cytometry, stimulation was quenched using 2X fixative and
incubated on ice for at least 10 min. Cells were then stained for surface
and intracellular proteins, as described above and as in Ref. [19]. Data
was acquired using ImageStreamX Mark II (Luminex) with a 40X
objective lens. Internalization index and bright similarity detailed were
calculated using IDEAS 6.0 software (Luminex) as in Ref. [19].

3. Results and discussion

3.1. ICOS stimulation in the presence of CD3 stimulation alters ICOS
internalization and degradation

With the finding that ICOS is internalized in the presence of elevated
ICOSL levels [23], we examined ICOS internalization in an in vitro
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Fig. 3. ICOS internalization and degradation re-
quires lysosomes and PI3K. (A-B) CD4" T cells
were stimulated as in Materials and Methods. Cells
were pretreated with indicated treatments for 60 min
before stimulation with anti-ICOS or anti-CD3. (A)
Surface ICOS levels were determined at indicated
time points by flow cytometry following stimulation
with ICOS crosslinking or ICOS + CD3 crosslinking.
(B) Area under the curve analysis of A. (C) Total ICOS
levels were determined at indicated time points by
flow cytometry following stimulation with ICOS
crosslinking or ICOS + CD3 crosslinking. (D) Area
under the curve analysis of C. One-way analysis of
variance with Tukey’s post-test (B & D; mean =+ SD).
Data are pooled from two experiments.
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system. We wanted to determine whether there was a difference in total
ICOS levels following anti-CD3 + anti-ICOS stimulation together vs.
anti-ICOS alone. To test this, we stimulated T cells with either no
simulation, anti-CD3 alone, anti-ICOS alone, or anti-CD3 + ICOS for
times from O to 4 h. We observed that T cells stimulated with CD3 alone
did not have an effect on surface or total ICOS levels, suggesting that
CD3 signaling alone does not alter ICOS levels (Fig. 1A-B). Additionally,
we observed that ICOS stimulation by itself resulted in a further
reduction in ICOS levels than anti-CD3 + anti-ICOS stimulation, sug-
gesting that more ICOS may be destined for degradation pathways
(Fig. 1A-B). This was observed at both the surface and total levels,
supporting our data of increased ICOS recycling to the cell surface upon
CD3 costimulation. These findings are particularly important in the
context of Tpy and effector T cell development, which both rely heavily
on ICOS stimulation [4,21]. These data suggest that high affinity T cells
would have ICOS shuttled back to the cell surface, thus increasing the
amount of ICOS available for costimulation and thus further increasing
their propensity for Tgy or effector T cell commitment.

ICOS enters the lysosomal pathway following internalization and can
recycle to the cell surface with CD3 stimulation.

With our above findings, we next wanted to examine which endo-
somal pathway ICOS enters in response to various stimulations. To
determine which signals drive ICOS lysosomal degradation, we isolated
T cells and stimulated them for 48 h with anti-CD3 coated plates to in-
crease ICOS surface levels. The T cells were then rested for 2 h and
biotinylated anti-CD3, anti-ICOS, or a combination was added to the
cells. Excess antibody was removed and cells were incubated with pu-
rified streptavidin to crosslink the anti-CD3, mimicking ligand interac-
tion [25]. Colocalization of ICOS with LAMP1 or the recycling endosome
marker transferrin receptor (TfR) was assessed by ImageStream analysis
at various time points (Fig. 2A). Interestingly, stimulation with anti-CD3
and anti-ICOS together led to significantly less colocalization with
LAMP1 but rather a significantly greater degree of colocalization with
TfR compared to anti-ICOS stimulation alone, indicating ICOS is
entering a recycling pathway (Fig. 2B—C). Together, these results suggest

novel regulation of ICOS by internalization followed by rapid recycling
or lysosomal degradation depending on the presence of TCR
co-stimulation. This divergent shuttling pathway is very reminiscent of
CTLA-4 shuttling, which can either enter recycling or degradation
pathways upon ligand interaction [22-24].

3.2. ICOS internalization is mediated through PI3K

With the finding that ICOS costimulation with CD3 stimulation
resulted in increased colocalization with recycling endosomes, we hy-
pothesized that ICOS stimulation alone would result in increased levels
of degradation of ICOS and hence decreased total ICOS levels.

It has been well established that ICOS and CD3 both signal through
PI3K and that ICOS costimulation with CD3 enhances CD3-mediated
PI3K activation [12,25,26]. With these findings, we sought to examine
whether the internalization of ICOS was dependent on this PI3K
signaling. To do this, we used thePI3K inhibitor wortmannin [27] and
repeated the stimulations described above. Additionally, we pretreated
cells with the lysosomal inhibitor ammonium chloride [28]. Upon ICOS
stimulation alone, we saw that wortmannin was able to decrease ICOS
loss from the cell surface as well as total ICOS levels, suggesting that
ICOS internalization and degradation are both PI3K dependent
(Fig. 3A-D). Additionally, when we neutralized lysosomes with ammo-
nium chloride, we observed decreased loss of surface and total ICOS
levels further confirming that ICOS degradation and internalization was
dependent on the lysosomal pathway (Fig. 3A-D).

3.3. ICOS internalization is clathrin mediated

Endocytosis of receptors is a well characterized phenomenon. One of
the mechanisms of receptor mediated endocytosis is through clathrin-
mediated endocytosis (CME). One of the critical components of CME is
dynamin. To determine whether CME was involved in ICOS internali-
zation, we used the dynamin inhibitor, dynasore [29]. We stimulated T
cells for 60 min that had been pretreated with either wortmannin,
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dynasore, or a vehicle control. We saw that dynamin inhibition by
dynasore blocked ICOS internalization compared to the vehicle alone
(Fig. 4). These findings suggest that in addition to being PI3K dependent,
ICOS internalization occurs through CME.

It will also be important to determine whether ICOS internalization is
used by the cell as a way to cease signaling through ICOS or whether
signaling is enhanced by internalization into microanatomical clusters.
Inhibiting internalization of other receptors such as TGFp receptors
actually leads to enhancement of downstream signaling [30]. There
have been several studies examining the effects of dynamin-2 deficiency
in T cells. These findings suggest that internalization of the TCR
signaling complex is necessary for long term signaling and that absence
of this internalization results in defective survival and proliferation of T
cells [31]. With ICOS having several signaling pathways such as PI3K
and calcium signaling [25,26,32,33] it is important to determine
whether these individual signaling pathways are differentially affected
by ICOS internalization.
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