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Abstract

Background: T cell activation leads to increased expression of the receptor for the iron transporter transferrin (TfR) to
provide iron required for the cell differentiation and clonal expansion that takes place during the days after encounter
with a cognate antigen. However, T cells mobilise TfR to their surface within minutes after activation, although the rea-

son and mechanism driving this process remain unclear.

Results: Here we show that T cells transiently increase endocytic uptake and recycling of TfR upon activation,
thereby boosting their capacity to import iron. We demonstrate that increased TfR recycling is powered by a fast
endocytic sorting pathway relying on the membrane proteins flotillins, Rab5- and Rab11a-positive endosomes. Our
data further reveal that iron import is required for a non-canonical signalling pathway involving the kinases Zap70
and PAK, which controls adhesion of the integrin LFA-1 and eventually leads to conjugation with antigen-presenting

cells.

Conclusions: Altogether, our data suggest that T cells boost their iron importing capacity immediately upon activa-

tion to promote adhesion to antigen-presenting cells.

Keywords: T cell activation, Immunological synapse, Iron, Transferrin, Endocytic recycling, Rab5/Rab11, Adhesion,

Zap70, Integrins, Flotillin

Background

Iron homeostasis represents a key regulator of innate and
adaptive immunity and plays a decisive role in inflamma-
tory processes. Many cell types, including macrophages
and T cells, import iron to sustain development and
effector functions [1, 2]. Iron starvation typically impairs
T cell activation, cytokine secretion and proliferation
[2—4]. Consequently, reduction of systemic iron levels is
a frequent and effective approach to treat T cell-mediated

*Correspondence: jeremie.rossy@bitg.ch

! Biotechnology Institute Thurgau (BITg) at the University of Konstanz,
CH-8280 Kreuzlingen, Switzerland
Full list of author information is available at the end of the article

B BMC

autoimmunity, for instance for patients with multiple
sclerosis [5].

The glycoprotein transferrin, which binds two atoms of
ferric iron (Fe**), is the main source of bio-available iron.
Mammalian cells import iron through transferrin binding
to transferrin receptor 1 (CD71, TfR henceforth). After
internalisation, iron is reduced to the ferrous form (Fe?")
in endosomes, released from transferrin and transported
into the cytoplasm, while TfR and transferrin are recycled
to the cell surface to recapture ferric iron [6]. Activated T
cells strongly upregulate TfR expression within hours [7],
to provide for the extra iron needs of T cell proliferation
and differentiation. In fact, the absence of TfR prevents
the development of pre-T cells in the thymus [8].
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T cell activation and formation of the immunologi-
cal synapse with antigen-presenting cells induces a pro-
found reorganisation of endocytic trafficking [9, 10]. The
microtubule organising centre and endocytic machinery
relocate to orchestrate polarised trafficking to and from
the synapse and regulate surface expression of recep-
tors, adhesion and signalling proteins [11-16]. Accord-
ingly, returning internalised surface molecules back to
the plasma membrane is essential to build the immuno-
logical synapse and sustain T cell activation. In this con-
text, we have recently uncovered that the T cell receptor
(TCR) is recycled by a fast endocytic pathway organised
by the membrane protein flotillins, relying on Rab5-
positive early endosomes and Rablla-positive recycling
endosomes [16].

Uptake and intracellular trafficking of transferrin and
TfR have been extensively investigated, in part because
they are a canonical cargo of clathrin-mediated endocy-
tosis (CME). After endocytosis, TfR traffics via Rab5-pos-
itive endosomes and is returned to the plasma membrane
by Rabll-positive endosomes [6, 17]. Recycling of TfR
has also been shown to require the contribution of flotil-
lins, although through a mechanism that remains elusive
[18]. Hence, despite the fact that internalisation of TfR
and TCR are mediated by CME and a clathrin-independ-
ent endocytic pathway respectively [15, 19], their recy-
cling both rely on flotillins, Rab5 and Rab11a.

T cells need iron to assemble the iron-sulphur clus-
ters necessary for the high DNA replication and energy
metabolism demands of proliferation and differentia-
tion hours after activation [20]. Yet, it has been shown
that they upregulate TfR surface expression within min-
utes after TCR triggering and that TfR is surprisingly
involved in the formation of the immunological synapse
[21]. Here, we set out to understand how T cells control
transferrin and TfR surface expression upon activation
and how this contributes to the formation of the immu-
nological synapse. We show that T cells transiently boost
their iron-capturing capacities immediately after TCR
triggering, by upregulating at the same time transferrin
uptake and TfR surface expression and recycling. We
demonstrate that this rapid increase in TfR recycling is
supported by the same Rab5-Rabl1a flotillin-dependent
endocytic axis that sorts TCR for a fast return to the cell
surface upon activation. Functionally, we show that iron
is required as early as 5 min after TCR triggering for a
signalling pathway involving the kinases Zap70 and PAK
and leads to increased integrin LFA-1-driven adhesion
to ICAM-1 coated surfaces. Accordingly, iron-deprived
T cells form less conjugates with antigen-presenting
cells. Altogether, our data suggest that TCR triggering is
associated with immediate increased iron needs, which
are provided for by boosted TfR recycling, and serve
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to promote formation of the immunological synapse
through increased adhesion to antigen-presenting cells.

Results

TCR triggering increases TfR endocytosis, surface
expression and recycling

T cell activation leads to increased TfR transcription in
order to support the iron demand associated with dif-
ferentiation and clonal expansion following encounter
with an antigenic peptide [7, 22—24]. However, resting T
cells contain a large intracellular pool of TfR, which sug-
gests the possibility of a fast recruitment to the plasma
membrane after TCR triggering. This is typically the case
for proteins involved in the first stage of T cell activation
such as the kinase Lck [25], the adaptor LAT [26] or the
integrin LFA-1 [27]. To investigate this possibility, we
designed a set of flow cytometry experiments to quantify
how TCR triggering affects endocytic trafficking of trans-
ferrin and TfR to and from the cell surface.

First, we measured uptake of fluorescently labelled
transferrin (transferrin-Alexa647) in Jurkat T cells that
were unstimulated or activated with antibodies against
CD3e (1.5 pg/ml) and CD28 (1 pg/ml). Activated cells
incorporated significantly more transferrin-Alexa647
than resting cells after 30 min (Fig. 1A), illustrating that T
cell activation promotes transferrin and TfR endocytosis.

We then measured TfR recycling to determine if the
rise in transferrin uptake was correlated with a higher
return of the transferrin-TfR complex to the cell sur-
face. We labelled intracellular TfR by feeding Jurkat T
cells with a biotinylated antibody against TfR for 90 min
and blocked the biotinylated antibodies bound to TfR
molecules remaining at the cell surface with unlabelled
streptavidin. After incubation with or without activating
antibodies against CD3e and CD28, recycled TfR at the
surface was subsequently revealed with labelled strepta-
vidin. TfR recycling was strongly enhanced only 5 min
after T cell activation and returned to levels just above
baseline from 10 to 40 min of activation (Fig. 1B).

Finally, we determined how increased internalisation
and recycling observed upon T cell activation impacted
on levels of TfR available for transferrin capture at the
cell surface. Surface TfR levels of Jurkat T cells were sig-
nificantly upregulated between 2 and 40 min after acti-
vation compared to resting conditions (Fig. 1C). Of note
the highest surface expression levels (149% +7%) were
reached after 5 min of stimulation, mirroring the time
course observed for recycling.

TfR surface levels and endocytic recycling were also
increased shortly after TCR and CD28 stimulation in
primary human T cells (Fig. 1D, E), confirming our
observation in Jurkat T cells. Both recycling and sur-
face expression of TfR peaked at the earliest timepoints
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measured after introduction of the activating antibodies
(2 min and 5 min respectively), as during the measure-
ments performed using Jurkat T cells.

Taken together, our data reveal that T cell activation
leads to a fast and transient increase in transferrin and
TfR endocytosis, endocytic recycling, and surface expres-
sion. These results suggest that T cells boost their capac-
ity to capture and import iron immediately after TCR
triggering.

Increased recycling of TfR is mediated by a fast
flotillin-dependent Rab5-Rab11a endocytic axis

The rapid time scale of the changes in TfR recycling and
surface levels induced by T cell activation suggests that
TfR is transported through a fast recycling pathway.
Transferrin is a cargo of CME [28] and recycles via Rab11
endosomes [6]. TfR recycling has further been shown
to involve membrane organising proteins flotillins [18].
Incidentally, we have recently uncovered a fast endocytic
pathway that relies on Rablla and flotillins that returns
internalised TCRC to the cell surface [16]. Therefore, we
sought to determine if the same pathway mediates TfR
recycling in activated T cells. We used a live-cell micros-
copy approach [29] to determine if incorporation of
transferrin in Rab5-positive sorting and Rabl1la-positive
recycling endosomes was impaired in Jurkat T cells where
flotillins expression had been knock-out by CRISPR/Cas9
gene editing (FlotKO) [15]. To measure incorporation
of transferrin into endosomal compartments positive
for Rab5 or Rablla, cells expressing Rab5- or Rablla-
mCherry were incubated with transferrin-Alexa488 on
ice for 5 min, washed, transferred into the microscope at
37 °C and imaged (Fig. 2A, D and Additional File 1: Fig.
S1). The transferrin signal present in Rab5 endosomes
significantly diverged between WT and FlotKO cells
from 50 s following transfer to 37 °C (Fig. 2B, dotted line),
when only 3 transferrin vesicles on average had formed
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(Fig. 2C, dotted line). No difference was observed in
the number of vesicles formed over time between WT
and FlotKO cells, indicating transferrin endocytosis is
not perturbed in the absence of flotillin (Fig. 2C). In
agreement with reduced transferrin sorting into Rab5
endosomes, we measured significantly less transferrin
sorting into Rablla endosomes in FlotKO cells compared
to WT cells from 8 min after the start of imaging (Fig. 2E,
dotted line). Consequently, we detected less transferrin in
Rablla-positive endosomes over 10 min in FlotKO cells
compared to WT cells (Fig. 2F).

We have previously shown that the spatial distribution
of endosomes constituting the Rab5-Rablla endocytic
axis relies on flotillins in T cells [16]. To further estab-
lish the dependence of transferrin sorting and recycling
on this pathway, we analysed the spatial distribution of
endocytosed transferrin vesicles in Jurkat T cells fixed
20 min after exposure to fluorescently labelled trans-
ferrin (Fig. 2G). Similar to what we had observed for
Rab5, Rablla and TCR [16], transferrin-positive vesicles
were more dispersed in FlotKO cells (Fig. 2H), further
indicating that transferrin sorting to Rablla-positive
endosomes is mediated by the same flotillin-positive
endocytic network that sorts TCR for the same intra-
cellular destination. In a previous study, we showed that
flotillins promoted incorporation of TCR in Rab5 and
Rabl1-positive endosomes and regulated their spatial
organisation. Nevertheless, flotillin-positive vesicles only
moderately co-localised with Rab5 and Rab11 intracel-
lular structures, leading us to the hypothesis that flo-
tillins act on these compartments through transient
interactions [16, 30]. Accordingly, even though flotillins
were required to sort transferrin into Rab5- and Rab11-
positive endosomes and for the spatial organisation of
transferrin-positive endosomes, we measured moderate
correlation and transient interaction between flotillin and
transferrin positive vesicles (Fig. 21, J).

(See figure on next page.)

Fig. 1 T cell activation stimulates uptake and recycling of transferrin and TfR. A Transferrin uptake stimulation upon T cell activation. Jurkat

T cells were equilibrated at 37 °C in the presence of transferrin-Alexa647 and subsequently left untouched (resting), or 30 min treated with
non-stimulating solution (0 min activated) or 30 min stimulated with activating antibodies anti-CD3e 4 anti-CD28. Uptake was stopped on ice
and cells were analysed for transferrin-Alexa647 uptake. Displayed is the fold-change of Alexa647 signal relative to untouched (resting) controls.

B Transiently boosted TfR recycling upon T cell activation. Jurkat T cells were incubated with biotinylated anti-TfR for 90 min to label all TfR pools
with antibodies. Then, surface-exposed anti-TfR-biotin was blocked with unlabelled streptavidin. To assess TR recycling upon activation, cells were
activated with soluble activating antibodies (anti-CD3e + anti-CD28) or left untreated for the indicated times. Antibody-labelled TfR delivered to
the surface was detected with Pacific Blue-labelled streptavidin. Fold change of bound streptavidin-Pacific Blue in activated T cells is depicted

relative to the corresponding resting cells. C Increased surface TfR levels upon T cell activation correlates with boosted TfR recycling. Jurkat T cells
were activated with soluble activating antibodies (anti-CD3e 4 anti-CD28) or left untreated for the indicated times and immediately fixed with 3.7%
paraformaldehyde (PFA). Surface TfR was then stained with biotinylated anti-TfR, which was detected with streptavidin-Pacific Blue. Data points and
error bars indicate mean of n=4 independent experiments and standard error of the mean (SEM). D Increased surface TfR levels upon activation

of expanded primary human T cells. Expanded primary T cells were activated with soluble activating antibodies (anti-CD3€ + anti-CD28) or left
untreated for the indicated times and immediately fixed with 3.7% PFA. Surface TfR was then stained with biotinylated anti-TfR, which was detected
with streptavidin-Pacific Blue. Data points indicate mean of n=3 independent experiments &= SEM. E Increased TfR recycling upon T cell activation.
Expanded primary human T cells were treated as described in B. Results were analysed and depicted as in B. Statistical significance determined with
unpaired two-tailed Student’s t-test (A), one-way ANOVA (B, E) or two-way ANOVA (C, D). **p <0.01; ****p <0.0001, no indication—not significant




Rossatti et al. BMC Biology (2022) 20:189

Page 4 of 21

A B
5 1.2- T 257
[2e) cC * % %k %k
© K
3 o *x s 2
< S [ ' =i
c2 1.1+ 3 o 2.04
£ —r— 25 I
2 g &S5
c = c
© D L
= % 1_0-‘.+ ......... E_(C(: 1_5-
T © %
35 33 =T =
o2 22
8 0.9+ 5 I DRt T TR PN
S ot
CIC) L T T T T T
0 30 0 5 10 20 40
min activated min activated
C Resting
1.6 *k ek 162 166
161 *kk*k 2079 224
2 e 1 I Isotype /‘Jm“t t (min)
SE 44- e 3190 319,
‘0 © LE FArA \ 0
S 2832 - J,e(ggs," ]
._.‘.6 _/J‘ \‘ 2,
£ o 1.2- 1 2461 | [ /20“79\\—
= AN | s
= 2481 ‘;/.-*2}1‘70.‘ ]
© o P “q“ \ 101
85 1.04 2634 i ,,2‘35‘7\‘\\—
£e SN 20
5 — [\
0.8 T T T T T T T X,,:,,l ,,,,“,l\\,,,,,, 40’
0 2 5 10 20 40 102 104 102 104
min activated Streptavidin-PacificBlue
D E
K] = 2.0+
2 * % [V
8 144 S ~ 1.8
= c g g)
3 § I =3 167
25127 Do 144 +
Se < o =+
(o))
£5 I E 2 121 -
xs 1.0+ 28 404
o © ; ’
ge 85 081
= 0.8 g\-’
3 § 0.6+

Fig. 1 (See legend on previous page.)
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Flotillin-deficient T cells fail to increase TfR recycling

upon T cell activation

Our data show that flotillins are required to sort trans-
ferrin into Rablla-positive recycling compartments
after endocytosis. The final step of endocytic recycling is

the return of internalised surface molecules by Rabl1la-
positive vesicles for fusion with the plasma membrane
[30]. Thus, we used two-colour total internal reflec-
tion fluorescence (TIRF) microscopy to visualise and
quantify the delivery of endocytosed transferrin to the
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Fig. 2 Flotillins mediate transferrin sorting into a Rab5 to Rab11a recycling pathway. A Representative confocal images of transferrin-Alexa488
internalisation in WT (left panel) and FlotKO (right panel) Jurkat T cells expressing mCherry-Rab5. B Mean transferrin-Alexa488 intensity present in
Rab5 endosomes in WT or FlotKO Jurkat T cells over time. Dotted and dashed lines represent the timepoints from which the transferrin-Alexa488
intensity significantly diverges in Rab5 endosomes between WT and FlotKO. Pooled Data from 15 (WT) and 13 (KO#1) imaged cells. C
Transferrin-Alexa488 vesicle number over time. Dotted and dashed lines represent time of intensity divergence calculated in B. Pooled data
from 12 (WT) and 10 (KO#1) imaged cells. D Representative confocal images of transferrin-Alexa488 internalisation in WT (left panel) and FlotKO
(right panel) Jurkat T cells expressing mCherry-Rab11a. E Mean transferrin-Alexa488 intensity present in Rab11a endosomes in WT or FlotKO
Jurkat T cells over time. Dotted line represents the timepoint from which the transferrin-Alexa488 intensity significantly diverges in Rab11a
endosomes between WT and FlotKO. Pooled data from 9 (WT) and 15 (KO#1) imaged cells. F Mean transferrin-Alexa488 intensity present in
Rab11a endosomes in WT or FlotKO Jurkat T cells during 10 min imaging. G Representative confocal images of WT (left) or FlotKO (right) Jurkat
T cells incubated with transferrin-Alexa488 for 20 min prior to fixation. H Mean fluorescence dispersion of transferrin-Alexa488 in WT and FlotKO
Jurkat T cells. | Representative TIRF time series of transferrin-positive vesicle transiently interacting with the flotillin-positive compartment. J Mean
transferrin-Alexa488 intensity present in flotillin-positive compartment in Jurkat T cells during 2-min imaging. Data points indicate single cells
(F, J) or means of independent experiments (H); error bars indicate mean = SEM. **p <0.01 from unpaired, two-tailed Student’s t-test. Dotted
line=p<0.05 and dashed line=p <0.01 from Wilcoxon rank-sum test of pooled data. Scale bars=5 ym

plasma membrane by Rablla-positive vesicles in WT  fusion with or without Rablla (Fig. 3A). Transferrin
and FlotKO Jurkat T cells. We defined two categories of  co-fusion with Rablla was significantly lower in both
fusion events of transferrin with the plasma membrane:  FlotKO cell lines compared to WT cells (42.3+9.3%
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KO#1, 2244+11.8% KO#2 vs. 74.5+12.8 for WT,
Fig. 3B), confirming that transferrin sorting into Rablla
transport vesicles is impaired in FlotKO cells.

Next, we used the same flow cytometry approach
described in Fig. 1 to determine how impaired delivery
of transferrin to the Rab1l1la recycling apparatus impacted
the recycling and surface expression of the transferrin-
TfR complex. TfR recycling was reduced in FlotKO cells
as early as 2 min after TCR activation (Fig. 3C), consist-
ent with the role of flotillins in sorting internalised trans-
ferrin and TfR to Rablla-positive recycling endosomes.
The total surface levels of transferrin were also lower in
FlotKO compared to WT Jurkat T cells within the first
10 min of activation (Fig. 3D). Crucially, these results fur-
ther confirm that flotillin-dependent endocytic sorting is
required for the sharp and transient increase of TfR sur-
face expression that we observed between 0 and 5 min
after TCR triggering. Altogether, these data demonstrate
that without flotillins, the transferrin-TfR complex is
less efficiently sorted into Rablla recycling endosomes
and consequently fails to be enriched at the cell surface
within the first 5 min following TCR triggering.

Phosphatidylserine demarks fast endocytic recycling
pathway of transferrin-TfR

We next sought to characterise the fast recycling of trans-
ferrin further, in terms of lipid content of the endosomes
that constitute this pathway. The lipid component phos-
phatidylserine (PS) represents one major regulatory
factor for the identity of the membrane domains that
organise specific endocytic trafficking routes [30]. Com-
ing from the inner leaflet of the plasma membrane, PS
remains detectable within endosomes taking the Rablla
recycling route via Rab5 early endosomes [31, 32]. Impor-
tantly, PS-positive endosomes have often been shown to
contain TfR [31-35].

We first investigated the correlation in time and space
between vesicles positive for flotillins and PS, visualised
by Lact-C2-mCherry, using a cross-channel nearest-
neighbour analysis [15]. As flotillin-1 and flotillin-2 act as
obligate heterodimers/tetramers [36], we co-transfected
GFP-fused flotillin-1 and untagged flotillin-2 (referred
to as Flot1/2-GFP hereafter) to ensure both were present
in equal quantities to form functional flotillin microdo-
mains. We found a high percentage of endosomes that
were positive for both, Flot1/2-GFP and phosphatidylser-
ine (58% =+ 14%, Fig. 4A, B), indicating that flotillins likely
regulate the organisation of the PS-positive endosomal
network. Importantly, we observed that PS-positive
endosomes were significantly more dispersed in activated
FlotKO cells compared to WT cells (Fig. 4C, D), indi-
cating that like transferrin containing endosomes, their
spatial organisation relies on flotillins. In contrast, the
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spatial distribution of PI(3)P-positive endosomes (pre-
dominantly early endosomes)—visualised with the sensor
2xFYVE-mCherry—and PI(4)P-positive endomembranes
(predominantly Golgi-related compartments)—visu-
alised with the mCherry-tagged PH domain of OSBP—
were unaffected by the absence of flotillins, highlighting
the specificity of the membrane scaffolding properties of
flotillin-1 and flotillin-2 for defined subsets of endocytic
compartments.

In agreement with the fact that both PS and trans-
ferrin-positive endosomes are linked to flotillins, we
found that endosomes involved in transferrin trafficking
in T cells also contain PS. From the moment they were
formed, transferrin-containing vesicles were positive for
PS, visualised by LactC2-mCherry (Fig. 4E). Notably,
internalised TCR{ was also found in endosomes posi-
tive for PS (Additional File 1: Figs. S2A, B). These data
strengthen the hypothesis that despite the fact they are
internalised through different pathways [19, 28], TfR
and TCR are returned to the surface of activated T cells
through a common fast Rab5-Rab11a recycling axis con-
stituted of endosomes positive for PS.

Blocking transferrin uptake selectively impairs
phosphorylation of the kinase Zap70

We showed that T cells route the transferrin-TfR com-
plex through a fast endocytic recycling pathway to sus-
tain a transient increase in transferrin surface expression
immediately after TCR stimulation. However, the func-
tional importance of this to T cell activation remains elu-
sive. We hypothesised that increased surface expression
of TfR translates into enhanced uptake of iron.

To test this hypothesis, we could not use the flotil-
lin KO Jurkat T cells, as we have shown previously flo-
tillin-dependent endocytic trafficking was required for
recycling of TCR [15, 16]. Consequently, activation of
flotillin KO Jurkat T cells was impaired, showing reduced
signalling, nuclear translocation of transcription fac-
tors or surface expression of activation markers. There-
fore, to specifically investigate the effects of reduced iron
uptake without more global effects on T cell that would
result from the flotillin knock-out, we used a monoclonal
anti-TfR antibody to specifically block transferrin-medi-
ated iron-uptake in Jurkat T cells. We first confirmed
that treatment with 10 pg/ml anti-TfR mAb successfully
reduced the uptake of fluorescently labelled transferrin
in activated Jurkat T cells (Fig. 5A). We then verified the
effectiveness of transferrin uptake blockade by measuring
the intracellular labile iron pool (LIP) with Calcein upon
activation (Fig. 5B). We measured an increased median
fluorescence intensity (35%+5.6%) in cells treated with
anti-TfR compared to control cells, which corresponds
to a significant reduction of LIP levels, as binding of free
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iron to Calcein quenches its fluorescence. As previously
reported [37], decrease of LIP in anti-TfR treated cells
translated into reduced production of reactive oxygen
species (ROS), as quantified by staining with the sensor
dye CellROX green (Fig. 5C).

To verify that decreased iron supply affects Jurkat T
cell activation, we assessed the expression of the early
activation marker CD69 in response to activation
by immobilised antibodies against CD3e and CD28.
Upregulation of CD69 was significantly impaired in
anti-TfR-treated Jurkat T cells compared to untreated
controls after 20 h (Fig. 5D), in agreement with previ-
ous studies showing iron-dependence of T cell activa-
tion [2, 4].

We next confirmed that blocking transferrin uptake
with anti-TfR also impaired primary T cell activation.
Anti-TfR treatment greatly reduced uptake of trans-
ferrin-Alexa647 by primary T cells (Fig. 5E) and like in
Jurkat T cells, impaired in vitro activation as indicated
by reduced CD69 and CD25 upregulation (Fig. 5F, G).

Our data revealed that transferrin and TfR surface
expression and recycling are upregulated within less
than 2 min, peak at 5 min and return to levels just above
the baseline after 10 min (Fig. 1). This time course
closely matches key signalling events that take place
shortly after TCR triggering such as the phosphoryla-
tion of the kinase Zap70 [38, 39], the adaptor proteins
LAT [38, 39] and SLP-76 [39] or the guanine exchange
factor Vavl [40, 41]. Thus, we performed Western blot-
ting using phospho-specific antibodies against these
signalling proteins on lysate of cells stimulated with
anti-CD3e and anti-CD28 and treated or not with anti-
TfR. While blocking transferrin uptake had no effect on
the phosphorylation of LAT, SLP-76, and Vavl, it sig-
nificantly reduced phosphorylation of Zap70 at 2 min
(Fig. 6A-D). Phosphorylation of the active site of the
kinases Lck and Fyn, which are upstream of Zap70 in
the TCR signalling pathway, showed a tendency to a
slight reduction upon blockade of transferrin uptake,
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although the difference with control cells was not sig-
nificant (Fig. 6E). Zap70 phosphorylation was also
impaired in activated primary human T cells treated
with anti-TfR (Fig. 6F and Additional File 1: Fig. S3A).

Iron deprivation reduces PAK-dependent integrin adhesion
and conjugate formation

The specific effect of transferrin uptake blockade on
Zap70 was unexpected, as phosphorylation of LAT, SLP-
76 and Vavl is linked to Zap70 in the classic signalling
pathway downstream of TCR [42]. However, it has been
shown that Zap70 phosphorylation can be disconnected
from the canonical TCR signalling cascade [43] and act
in the context of integrin-mediated adhesion, independ-
ent of its kinase activity [44]. In this scenario, Zap70
specifically activates p21-activated kinases (PAK1) [45].
This pathway operates in parallel to the SLP-76-depend-
ent activation of PAK1 and relies on the recruitment of
GIT and PIX to the immunological synapse [46, 47]. In
line with this, we found that phosphorylation of PAK1/2
was impaired at 2 min following TCR stimulation in
Jurkat T cells treated with anti-TfR (Fig. 7A). Phospho-
rylation of PAK1/2 upon TCR and CD28 stimulation
was only detected in primary T cells from a fraction of
donors (50%, 3/6). Nevertheless, PAK1/2 phosphoryla-
tion was impaired upon treatment with anti-TfR in these
“responder” T cells (Fig. 7B and Additional File 1: Fig.
S3B).

Next, we tested if the effect of iron deprivation on the
Zap70-PAK1/2 pathway translated in impaired adhe-
sion capabilities of activated T cells. We chose to focus
on binding of the integrin LFA-1 (CD11a/CD18) to the
adhesion protein ICAM-1, as this adhesive interaction
is essential for formation of the immunological syn-
apse [48, 49]. Surprisingly, when treated with anti-TfR,
Jurkat T cells expressed more LFA-1 on the cell surface
(Fig. 7C). We next assessed adhesion to ICAM-1-coated
surfaces. In this assay, we used MnCl,, which switches
integrins into a high affinity binding state [50]. Resting

(See figure on next page.)

**¥¥p <0.0001, no indication—not significant

Fig. 3 TfR surface delivery and boosted recycling relies on flotillins. A Representative TIRF images of transferrin-Alexa488 (cyan) vesicle co-fusion
events with mCherry Rab11a (magenta) in WT Jurkat T cells (top) or fusion with (middle) or without (bottom) mCherry-Rab11a in FlotKO Jurkat

T cells. B Quantification of the percentage of transferrin-Alexa488 fusion events containing mCherry-Rab11a in WT and two FlotKO Jurkat T cell
lines. Fusion events were counted as containing the indicated protein if a decrease in maximum intensity from the last three frames was greater
than 10% compared to the maximum intensity of the initial frame. Data points represent means of independent experiments. C Quantification of
TfR recycling boost in WT and FlotKO Jurkat T cells upon activation (left) and representative histograms (right) of n =4 independent experiments.
Cells were incubated with biotinylated anti-TfR for 90 min to label all TfR pools with antibodies. Then, surface-exposed anti-TfR-biotin was blocked
with unlabelled streptavidin. To assess TfR recycling, cells were activated with soluble antibodies (anti-CD3e + anti-CD28) or left untreated for

the indicated times. Antibody-labelled TfR delivered to the surface was detected with Pacific Blue-labelled streptavidin. Fold change of bound
streptavidin-Pacific Blue in activated T cells is depicted relative to resting cells at timepoint 0 min. D Increased surface TfR levels upon T cell
activation in WT vs FlotKO Jurkat T cells. Quantification (left) and representative histograms (right) of n=3 independent experiments. Cells

were activated with soluble antibodies (anti-CD3e 4+ anti-CD28) or left untreated for the indicated times. Surface TfR was then stained with
transferrin-Alexa647. Statistical significance determined with one-way ANOVA (B) or two-way ANOVA (C, D).*p < 0.05; **p < 0.01; ***p <0.001;
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Jurkat T cells treated with anti-TfR adhered more to
ICAM-1-coated surfaces following MnCl, exposure than
untreated cells, as expected considering their increased
LFA-1 expression (Fig. 7D). However, upon TCR activa-
tion with anti-CD3e and treatment with anti-TfR, Jurkat
T cells did not adhere more to ICAM-1 than cells acti-
vated with anti-CD3e only, despite the fact they had more
available LFA-1 (Fig. 7E). Failure of iron-deprived T cells
to convert higher LFA-1 surface expression into higher
adhesion to ICAM-1 in response to TCR stimulation
became apparent after normalisation to the highest pos-
sible adhesion induced by MnCl, (Fig. 7F). In summary,
these results indicate that iron uptake is required to pro-
mote proper cell adhesion to ICAM-1 in response to T
cell activation.

Interestingly, staining of activated cells with a specific
antibody did not reveal that treatment with anti-TfR
prevents induction of the LFA-1 high affinity conforma-
tion (Additional File 1: Fig. S4A). Instead, it appears that
impaired activation-induced adhesion of anti-TfR-treated
cells to ICAM-1 was caused by their inability to mobilise
LFA-1 upon TCR triggering. While we measured a mod-
erate but consistent increase of LFA-1 surface expression
(9.2%) upon activation of Jurkat T cells, this was not the
case in cells that had been pre-treated with antibodies
against TfR (0.1%, Fig. 7C). Of note, the interaction of the
integrin VLA-4 (CD49d/CD29) with its ligand VCAM-1,
which is not present at the IS, was not impaired in anti-
TfR-treated Jurkat T cells (Additional File 1: Fig. S4B),
highlighting the specificity of the effects of iron blockade
on immune synapse-related integrins.

Finally, we verified consequences of impaired adhesion
of LFA-1 to ICAM-1 on the formation of the immuno-
logical synapse under restricted iron import conditions.
To do so, we measured the number of conjugates formed
between differentially stained Jurkat T cells and Raji B
cells, which had been pulsed with super-antigen (SEE).
According to the results of the adhesion assays, we
detected less Jurkat-Raji conjugates after treatment of
the Jurkat cells with anti-TfR (Fig. 7G), confirming the
importance of iron capture for the formation of a stable
immunological synapse.
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Discussion

T cell stimulation readily increases surface expression
of transferrin receptor [21], in a similar way it does for
proteins that are essential for T cell activation or forma-
tion of the immunological synapse such as Lck, LAT or
LFA [25-27]. However, the mechanism involved and the
reason for mobilising an iron importing receptor so early
during the process of T cell activation remain unclear. In
this study, we show that the enhanced surface expression
of TfR is concurrent with increased endocytic recycling
within the first 5 min following TCR triggering. Hence,
our data show that T cells boost their capacity to import
iron immediately after activation, indicating that TfR is
likely essential also for T cell activation. We further show
that they do so by directing internalised TfR to Rablla-
positive recycling endosomes through a fast endocytic
sorting pathway relying on the membrane proteins flotil-
lins, which we had previously identified for TCR [16].

Classically, rapid recycling of surface receptors, includ-
ing TfR, has been associated with Rab4-positive vesi-
cles [51], by contrast to Rablla-positive slow recycling
compartments [6]. The current understanding is that
Rab4-positive recycling vesicles bud directly from Rab5-
positive early endosomes and are re-delivered directly to
the plasma membrane, while receptors taking the Rabl1a
route need to be transported all the way to perinuclear
compartments before being returned to the cell surface
[52]. However, what has been characterised in larger
HeLa cells or fibroblast cells might not apply to lympho-
cytes that have a very confined cytoplasmic volume. In
activating T cells, the entire endocytic machinery, includ-
ing Rab5, Rab4 and Rabl1la compartments, is compacted
between the nucleus and the immunological synapse
[16]. Therefore, is it likely that in these cells faster recy-
cling is not necessarily achieved by shortening distances
travelled by endocytic vesicles, but rather by routing car-
gos to recycling compartments as soon as possible after
endocytosis.

Such pre-early endosome sorting steps have been
described in other cells [30] and typically involve micro-
tubule-based molecular motors [53]. In this context,
flotillins interact with ninein, a dynein motor adaptor
[54], and have been reported to promote anchoring of

(See figure on next page.)

significant

Fig. 4 Fast transferrin-TfR recycling axis is demarked by phosphatidylserine. A Representative confocal images at 3 different z-levels at (0 um) and
above (0.44 um and 0.88 um) the immunological synapse of activated Jurkat T cells expressing Flot1/2-GFP and the PS-sensor LactC2-mCherry. B
Nearest neighbour analysis between green and red channel identifying % of vesicles positive for both colours (<320 nm apart; % Flot1 vesicles
also containing Flot2, % Flot1/2 vesicles positive for LactC2 (PS) and random points to each other) in GFP and mCherry as described in [15].

C Representative confocal images of fixed, 20-min activated WT (upper) or FlotKO (lower) Jurkat T cells expressing PS sensor LactC2-GFP, PI(3)
P-sensor 2 x FYVE-GFP or PI(4)P-sensor OSBP-PH-GFP. Scale bar=5 um. D Mean fluorescence dispersion of GFP channel in WT and FlotKO Jurkat

T cells. E Representative time series of confocal imaging of an activated Jurkat T cell expressing the PS-sensor Lact-C2-mCherry during addition

of transferrin-Alexa488. Error bars indicate mean £ SEM. Statistical significance determined with one-way ANOVA (B) or unpaired two-tailed
Student’s t-test (D). Data points represent single live-imaged cells (B) or means of independent experiments (D). **p < 0.01; ****p <0.0001, n.s—not
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Fig.5 T cell activation requires iron supply via transferrin-TfR system. A Effectivity of transferrin uptake blockade with anti-TfR (10 ug/ml) in
activated Jurkat T cells. Cells were pre-treated with anti-TfR or not, subsequently incubated at 37 °C for 90 min with 20 pg/ml transferrin-Alexa647
and analysed using flow cytometry. B Levels of intracellular labile iron pool (LIP) in anti-TfR-treated versus untreated, activated Jurkat T cells as
determined by staining with the iron sensor dye Calcein-AM. Lower fluorescence intensity corresponds to higher LIP levels. C Levels of intracellular
reactive oxygen species (ROS) in anti-TfR-treated versus untreated, 5-min activated Jurkat T cells as determined by staining with the ROS sensor
dye CellROX green. D Upregulation of CD69 upon activation on plate-bound anti-CD3e + anti-CD28. Jurkat T cells were pre-treated or not with
anti-TfR and subsequently incubated for 20 h in coated wells for activation. Anti-TfR treatment was maintained throughout the whole experiment
where applicable. Surface CD69 expression was determined by staining with anti-CD69-PE and subsequent flow cytometry. E Effectivity of
transferrin uptake blockade with anti-TfR (10 pg/ml) in 20-h activated primary T cells (activated on plate bound anti-CD3e 4 anti-CD28). Cells

were pre-treated with anti-TfR or not, subsequently incubated at 37 °C for 90 min with 30 ug/ml transferrin-Alexa647 and analysed using flow
cytometry. F Upregulation of CD69 upon activation on plate-bound anti-CD3e + anti-CD28. Primary T cells were pre-treated or not with anti-TfR
and subsequently incubated for 20 h in coated wells for activation. Anti-TfR treatment was maintained throughout the whole experiment where
applicable. Surface CD69 expression was determined by staining with anti-CD69-PE and subsequent flow cytometry. G Upregulation of CD25 upon
activation on plate-bound anti-CD3e + anti-CD28. Primary T cells were pre-treated or not with anti-TfR and subsequently incubated for 96 h in
coated wells for activation. Anti-TfR treatment was maintained throughout the whole experiment where applicable. Surface CD25 expression was
determined by staining with anti-CD25-APC and subsequent flow cytometry. Data points represent individual experiments. Statistical significance
determined with unpaired two-tailed Student’s t-test (A, D-G) or one-sample t-test (B, C). *p <0.05; **p <0.01; ***p <0.001; no indication—not
significant

transport vesicles to dynein [55]. Our results are con- as Rab5, Rablla and TCR in a previous report [16].
sistent with a flotillin-dynein connection, as they show Hence, our data strongly suggest that flotillins orches-
that flotillins are required for centripetal accumula- trate pre-early endosome sorting of surface receptors
tion of vesicles positive for transferrin and PS, as well internalised trough clathrin-mediated (TfR) and trough
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clathrin-independent routes (TCR) by anchoring a spe-
cific population of PS-positive vesicles to dynein.

PS is enriched at the plasma membrane and through-
out the endosomal recycling system [56]. Thus, the role
of PS could possibly be to provide a membrane environ-
ment required for recruitment of recycling regulatory
proteins, analogous to the role of phosphoinositides
throughout endosomal compartments [30]. Support-
ing this hypothesis, PS maintains flotillin localisation at
the plasma membrane [57], is required for localisation
of the scission protein EHD1 on recycling endosome
tubules [58] and localises Rab11FIP proteins to recycling
endosomes [59]. It has been further shown that deple-
tion of ATP8A1, which maintains the required cytoplas-
mic orientation of PS on recycling endosomes, disrupts
EHDI1 recruitment and inhibits transferrin redelivery to
the plasma membrane [58]. Hence, we hypothesise that
the connection between flotillins and PS could facilitate
sorting of cargoes into recycling endosomes immediately
following endocytosis, although the protein complement
promoting flotillin-mediated sorting into phosphatidyl-
serine-positive endosomes remains to be identified.

One distinctive feature of the upregulation of TfR recy-
cling and surface expression that we observed upon TCR
triggering is the fact that they peak at 5 min and return to
values just above baseline after 10 min. However, a closer
look at the literature reveals that this is not unique to
TCR stimulation. In striking concordance with our data,
transient doubling of TfR surface expression or recycling
at 5 min has been observed in adipocytes upon insu-
lin stimulation [60], in macrophages upon macrophage
colony-stimulating factor stimulation [61], in CHO cells
after phorbol ester treatment [62], in malignant epithe-
lial cells upon EGF stimulation [63] or in fibroblasts upon
EGF or PDGF stimulation [64].

Thus, acute increase of iron importing capacity is a
mechanism shared by many cell types in response to
a large variety of stimulations, most probably to sus-
tain cellular events taking place shortly after receptor
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engagement. An immediate consequence of upregulating
TR recycling or surface expression is the increase of the
labile iron pool (LIP) [60, 65]. Similarly, in this study, we
show that blocking transferrin import reduces free cellu-
lar iron. Interestingly, an increase in LIP is directly asso-
ciated with production of reactive oxygen species (ROS)
[37, 66]. Silencing or overexpression of the iron storage
protein ferritin increases or reduces concomitantly the
LIP and ROS [67, 68]. The fact that iron import can lead
to production of ROS is in accordance with the slight
but significant decrease in ROS that we measured in cell
treated with anti-TfR antibodies.

Crucially, ROS are produced after the triggering of
many surface receptors and represent a mechanism of
signal transduction through their ability to inhibit phos-
phatases by oxidation of a cysteine residue of their active
site [69, 70]. Thus, ROS could constitute the missing link
between acute iron import by upregulation of transferrin
recycling and early signalling. This would be consistent
with the fact that TCR triggering leads to ROS genera-
tion within 15 min [71-73] and that TCR-induced ROS
production is required for T cell activation [74]. In T cell
too, ROS have been shown to inhibit phosphatases [75].
More importantly, inhibition of phosphatases by ROS
downstream of TCR activation has been shown to pro-
mote Zap70 phosphorylation [73], in keeping with our
observation that transferrin import is required for Zap70
phosphorylation 5 min after TCR triggering. Beyond T
cells, inhibition of phosphatases by ROS has been shown
to be required for integrin-mediated adhesion and cell
spreading [76], in line with our results on LFA-1 adhesion
to ICAM-1 coated surfaces.

In conclusion, our data suggest that early upregula-
tion of iron import upon TCR triggering could sustain
ROS production by transiently increasing the LIP. In
turn, ROS would inhibit phosphatases and by doing so
promote phosphorylation of Zap70 and PAK, eventually
leading to increased LFA-1 mediated adhesion and more
stable immunological synapses with antigen presenting

(See figure on next page.)

Fig. 7 Blockade of iron-uptake via transferrin-TfR axis negatively affects T cell adhesion via integrins and consequently T cell: APC conjugate
formation. A, B Immunoblot with a phosphorylation-specific antibody against PAK1/2 (T423 and T402, respectively). A Jurkat T cell activation

was accomplished with soluble anti-CD3¢e + anti-CD28 for the indicated times before cell lysis. Data from 3 independent experiments. Left: Band
intensity quantification. Right: Relevant parts of one representative immunoblot. B Expanded primary T cells were treated with anti-TfR or left
untreated. Activating antibodies (anti-CD3e 4 anti-CD28) were added for the indicated times before lysis. PAK1/2 phosphorylation was detected in
T cells of a fraction of donors. An exemplary immunoblot from “responder”T cells is shown. C Levels of surface LFA-1 measured using an antibody
against the beta-subunit CD18 (ITGb2) on Jurkat T cells treated as indicated. D Maximum adhesive potential via LFA-1 upon 30-min treatment with
1 mM MnCl, forcing every LFA-1 surface molecule into high affinity conformation. E Adhesion of 30-min activated control and anti-TfR treated
Jurkat T cells on ICAM-1 coating. F Adherent anti-TfR or untreated Jurkat T cells on ICAM-I coating upon 30-min activation with soluble anti-CD3e
and anti-CD28 relative to the maximum adhesion capacity induced by addition of T mM MnCl,. G Quantification of specific activation-induced
conjugate formation between anti-TfR treated or untreated Jurkat T cells and SEE-pulsed Raji B cells. Jurkat T and Raji B cells were stained with CTV
and CFSE, respectively, with dye switching between experiments. Cells were mixed in a 1:1 ratio and conjugates formed for 15 min at 37 °Cin a
pellet. Data displayed as % of Jurkat T cells that formed conjugates with Raji B cells. Unspecific conjugates (Jurkat with un-pulsed Raji B cells) were
subtracted for each corresponding sample. Error bars indicate mean & SEM. Statistical significance determined with two-way ANOVA (A, C), or
one-sample t-test (B) or with unpaired two-tailed Student’s t-test (D-G). *p < 0.05; ***p < 0.001; n.s—not significant
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cells. An interesting parallel can be established between
this interpretation of our results and an ensemble of pre-
vious reports. Exactly like TCR triggering, stimulation
by EGF or PDGF results in an acute upregulation of TfR
recycling after 5 min [63, 64] and the signalling down-
stream of EGF and PDGF receptors relies on tyrosine
phosphorylation through inhibition of phosphatases by
ROS [70]. Thus, it appears that the upregulation of TfR
recycling upon T cell activation is paralleled in multiple
other cell types and signalling circumstances and might
represent a widespread mechanism of regulating signal-
ling via ROS production.

Conclusions

In summary, our work shows that T cells upregulate
their capacity to import iron immediately after trigger-
ing of the T cell receptor. They are doing so by transiently
increasing surface expression and endocytic recycling of
the receptor for iron transporter transferrin, through an
endocytic pathway that involves the membrane proteins
flotillins, Rab5- and Rabll-positive compartments and
phosphatidylserine. Functionally, this fast and transient
upregulation of iron import is correlated with formation
of the immunological synapse through increased adhe-
sion mediated by the integrin LFA-1 downstream of the
kinases Zap70 and PAK. Our data further suggest that
production of reactive oxygen species, through the labile
iron pool could represent the link between import of iron
and the activity of the kinases Zap70 and PAK.

Methods

Plasmids

Expression constructs encoding for human flotillin-1 or
flotillin-2 were a gift from V. Niggli (University of Bern).
TCR{-PSCFP2 was provided by Prof. K. Gaus (University
of New South Wales). PA-mCherry expression backbone
was obtained from Clontech. TCR{ PA-mCherry was
made as described in [15]. mCherry-Rab5 was a gift from
Gia Voeltz (Addgene plasmid # 49,201). mCherry-Rabl1a
was a gift from Michael Davidson (Addgene plasmid #
55,124). pPBGPa-CMV-GFP-OSBP PH domain was a gift
from Tim Levine (Addgene plasmid # 58,724). LACT-C2
and 2xFYVE expression constructs were a gift from Prof.
Rob Parton (University of Queensland).

Cell culture

Jurkat T cells (Clone E6.1) and flotillin-1 and flotillin-2
knock-out Jurkat cell lines were cultured in RPMI 1640
medium (Pan Biotech) supplemented with 10% (vol/vol)
FCS (Gibco). Flotillin-1 and flotillin-2 knock-out Jurkat
cell lines were generated as described in [15]. Cells were
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transfected with 1 pg DNA per 200,000 cells, 18-20 h
prior to imaging using the Neon electroporation kit
(Invitrogen).

Before imaging, cells were incubated for 10 min at 37 °C
on 18-mm glass-coated surfaces (Marienfeld, #0,117,580)
that were prepared by incubating with poly-L-lysine
(Sigma, #P8920) for 30 min at room temperature, then
10 pg/ml anti-CD3e (eBioscience, #16—0037) and anti-
CD28 (eBioscience, #16—0289) antibodies for T cell acti-
vation. For live cell imaging, cells were imaged from 10 to
40 min after their deposition on the coverslips.

For imaging transferrin internalisation, transfected
Jurkat T cells were activated for 5 min, transferred onto
ice, media exchanged for fresh cold media with 25 pg/ml
transferrin-Alexa488 (Jackson ImmunoResearch, #009—
540-050) or transferrin-Alexa647 (Jackson ImmunoRe-
search, #009—-600-050) added, incubated for 5 min, media
exchanged twice with fresh cold media, then transferred
to 37 °C and imaged.

Antibodies

Anti-CD3e (clone OKT-3; eBioscience, #16—-0037), anti-
CD28 (clone CD28.2, eBioscience, #16—0289), anti-
pPAK1/2 (1:1000, Cell Signaling Technologies (CST
#2601 T)), anti-pZap70 (1:1000, CST #2701P), anti-
pLAT (1:1000, CST#3584S), anti-pSrc family (1:1000,
CST#2101), anti-pSLP-76 (1:1000, Abcam (#ab75829)),
anti-pVavl (1:1000, #ab47282), anti-CD11/CD18-FITC
(1 pg/ml, #ab13219), anti-beta-actin (1:5000, #ab6276),
anti-CD69-PE (1:100, Serotec), anti-CD25-APC (1:100,
Biolegend, #302,610), anti-TfR-biotin (clone OKT-9;
eBioscience, #13-0719-82), anti-TfR (clone M-A712,
10 pg/ml, BD Biosciences #555,534), anti-CD18-PE
(1:50, BD Biosciences #555,924) and anti-CD29-PE
(1:75, clone HUTS-21; BD Biosciences, #556,049).

Preparation of primary human cells

Blood donation for research purposes was approved by
the local ethics committee and individual donors gave
written consent. PBMCs were enriched using the Vacu-
tainer CPT system (BD Biosciences, #362,782). Then, T
cells were enriched by negative magnetic sorting using
the Pan T cell Isolation Kit (Miltenyi Biotec, #130-096-
535). Pan T cells were used for experiments directly
after isolation or cultured in RPMI, supplemented with
1% Penicillin/Streptomycin and 5% FCS if not indi-
cated differently. For experiments involving expanded
primary T cells, 1 x 10° isolated T cells per ml were
incubated with anti-CD3/anti-CD28-coated Dynabeads
(Invitrogen, #11161D) in 1:1 ratio and 30 U/ml IL-2
were added. After 3 days, Dynabeads were magnetically
removed and 1 x 10° cells per ml were cultured for 4
more days with 30 U/ml IL-2.
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Microscopy

Fixed and live-cell confocal microscopy were per-
formed on a Leica SP5 (Leica Microsystems) or Zeiss
LSM780 laser-scanning confocal microscope (Zeiss)
that are equipped with an argon laser (405, 488 nm),
a diode pump solid state laser (561, 647 nm) and a
live-cell incubation chamber (Pecon). GFP constructs
and Alexa488-labelled proteins were excited using
the 488-nm line of the argon laser source, while PA-
mCherry- and mCherry-tagged proteins were excited
with the 561-nm laser line. Images were acquired
with a 100 x 1.4NA DIC M27 Apo-Plan oil immersion
objective (Zeiss) and GaAsP-PMTs in simultaneous,
bidirectional scanning mode. For each channel, the
pinhole was set to 1 Airy Unit. Confocal photoactiva-
tion was achieved by illuminating a region of the cell
outer membrane with a 7.2 uW 405-nm laser pulse with
12.24 ps pixel dwell time.

Live-cell TIRF images for vesicle (co-)fusion analysis
were acquired on an ELYRA total internal reflection flu-
orescence microscope (Zeiss) with a 100 x oil-immer-
sion objective with a numerical aperture of 1.46. Images
were captured with a 20-ms exposure time.

Live-cell TIRF images for quantification of trans-
ferrin in flotillin-compartment were acquired on a
DMi8 (Leica Microsystems) equipped with an Infin-
ity TIRF module, a 405-nm diode laser, a 488-nm solid
state laser, a 561-nm diode pumped solid state laser
and a 638-nm solid state laser. Fast two-channel live
cell imaging was performed using W-VIEW GEMINI
image splitting optics with filters for spectral separa-
tion of GFP and mCherry (Hamamatsu, # A12801-01).
Images were acquired with a HC PL APO 100 x /1.47
oil-immersion objective (Leica Microsystems) and flu-
orescence was detected with a DFC9000GTC sCMOS
camera (Leica Microsystems). GFP was excited with the
488-nm laser; transferrin-Alexa647 was excited with
the 638-nm laser. TIRF angle was adjusted to 100-nm
penetration depth for 488-nm excitation light. Signals
from GFP and transferrin-Alexa647 were separated
with the W-VIEW GEMINI image splitting optics and
simultaneously recorded on one half of the camera
chip.

Image analysis

Vesicle count and cross channel nearest neighbour dis-
tances for confocal experiments were determined with a
custom Matlab vesicle tracking and cross-channel near-
est-neighbour distance evaluation software as detailed
n [15]. A GUI application and all source code for this
analysis is freely available from https://github.com/PRNic
ovich/PAVesT.git.
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Vesicle co-fusion events were visually identified and
counted as containing transferrin-Alexa488 if a decrease
in mean maximum intensity from the last three frames
was greater than 10% compared to the maximum inten-
sity of the initial frame as quantified by the analysed par-
ticles measure in FIJI.

Mean dispersion was calculated using a custom FIJI
plugin, which evaluates endosome dispersion by calculat-
ing the intensity weighted measure of the average pixel
distance from the centre of mass of the cell.

Transferrin entry into Rab5/11 endosomal compart-
ments and transferrin content in flotillin-positive com-
partment was quantified in FIJI by creating a thresholded
mask of endosomal compartments using the Rab or flo-
tillin channel, respectively. The background set to zero,
then the transferrin channel divided by the Rab/flotillin
mask to calculate the mean transferrin intensity present
in the desired compartments.

Treatment for transferrin-binding inhibition

Jurkat T cells and expanded primary T cells were treated
for 16 h prior to the start of experiments involving trans-
ferrin-binding inhibition. Treatment was continued dur-
ing the experiments. First, cells were transferred into
reduced-serum medium (Jurkat: 2% FCS, primary T cells:
5% FCS) to lower the amount of available iron-loaded
transferrin. Additionally, in order to block the transferrin
receptor (TfR, CD71) and inhibit binding of iron-loaded
transferrin, cells were treated with 10 pg/ml anti-TfR
(clone M-A712).

Transferrin uptake assay

Jurkat T cells were collected and re-suspended in serum-
free RPMI containing 30 ug/ml transferrin-Alexa647
(Jackson ImmunoResearch, #009-600-050) and supple-
mented (activated) or not (resting) with 1.5 pg/ml anti-
CD3e (OKT-3) 41 pg/ml anti-CD28 (CD28.2). Cells were
then incubated for 0 min or 30 min at 37 °C, cooled down
on ice and washed twice with cold FACS buffer (PBS +2%
FCS) to remove unbound transferrin-Alexa647. Subse-
quently, fluorescence of at least 1 x 10* cells per sample
was analysed at a LSR II flow cytometer (BD Biosciences).
Samples were kept on ice at all times before measuring.
SYTOX Blue (0.1 pM; Invitrogen, #S11348) was added
directly before measuring for identification of dead cells.
The ratio of MedianFI of activated/resting cells was cal-
culated for 0 min and 30 min timepoints.

To assess efficacy of anti-TfR treatment, Jurkat and
primary T cells were treated or not with 10 pug/ml anti-
TfR (M-A712) and activated for 20 h on plate-bound
anti-CD3e (OKT-3) and anti-CD28 (CD28.2). Trans-
ferrin-Alexa647 (30 pg/ml) was added for the last
90 min of incubation. Subsequently, activated cells were
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re-suspended, washed twice with PBS and at least 1 x 10*
cells per sample were analysed using a LSR II flow cytom-
eter (BD Biosciences).

Western blot

Jurkat T cells were cultured overnight in RPMI+ 2% FCS
supplemented or not with 10 pg/ml anti-TfR (M-A712).
Next, Jurkat T cells were collected and re-suspended to
1.5 x 10° cells per sample (200 pl) using the correspond-
ing supernatant (ctrl versus anti-TfR). Similarly, primary
T cells were pre-treated (RPMI+5% FCS=+anti-TfR),
collected and re-suspended to 4 x 10° cells per sample
(200 pl). Activating antibodies (Jurkat: 1.5 pg/ml anti-
CD3e (OKT-3)+1 pg/ml anti-CD28 (CD28.2); primary
T cells: 5ug/ml anti CD3e (OKT-3)+5 pg/ml anti-CD28
(CD28.2)) were added to the samples on ice. For activa-
tion, samples were incubated at 37 °C in a thermomixer
with shaking (300 rpm) for the indicated times. Subse-
quently, pre-heated 5 x sample buffer (225 mM Tris—HCl
pH 6.8, 5% SDS, 50% glycerol, 0.05% bromophenol blue,
4% -ME) was added (50 pl) to lyse the cells for 10 min at
95 °C. Samples were frozen and thawed once. SDS-PAGE
was followed by blotting using the Trans-Blot® Turbo™
Transfer System (BioRad) with 1A/25 V for 30 min onto
Nitrocellulose Blotting Membranes (Amersham Protran
0.45 pm, GE Healthcare, #GE10600002). After washing
with PBS-T (PBS+0.02% Tween20), membranes were
blocked for 1 h with ROTI-Block solution (Carl Roth,
#A151.2). Depending on the target proteins, membranes
were cut and subsequently incubated with primary anti-
body diluted in PBS with 0.05% Tween20 and 3% BSA
overnight at 4 °C. Next, membranes were washed 3 times
with PBS-T and then incubated for 1 h at RT with the
corresponding secondary HRP-conjugated antibody
diluted in PBS-T with 5% milk powder. Finally, mem-
brane (-parts) were washed 3 times with PBS-T and then
developed using Clarity Western ECL Substrate (Bio-
Rad, #1,705,060) or SuperSignal West Femto Substrate
(Thermo Scientific, #34,096). Band intensities were quan-
tified relative to the brightest band on the blot and nor-
malised to corresponding beta actin band intensity. Raw
images of all used developed membranes are shown in
Additional file 2, uncropped blots.

CD69-CD25 up-regulation

Jurkat cells were seeded at 4 x 10° per ml in RPMI with
2% FCS. Primary human T cells were seeded at 1 x 10°
cells per ml in RPMI with 1% Penicillin/Streptomycin
and 5% FCS. Before activation cells were left untreated
or treated for 24 h with 10 pg/ml anti-TfR (M-A712).
To activate Jurkat or primary human cells, they were
seeded in flat bottom 96 wells previously coated for 1 h
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with anti-CD3e (10 pg/ml; clone OKT-3) and anti-CD28
(10 pg/ml; clone CD28.2). Non-activated (resting) con-
trols were seeded in uncoated wells. After a defined time
of activation or incubation in resting conditions, cells
were re-suspended, washed once with PBS and stained
for 20 min at 4 °C with anti-CD69-PE (1:100), anti-CD25-
APC (1:100) or a combination thereof, diluted in FACS-
buffer (PBS, 2% FCS). Samples were washed and at least
3 x 10° cells were measured on a LSR II flow cytometer
(BD Biosciences) equipped with violet (405 nm), blue
(488 nm) and red (633 nm) lasers. SYTOX Blue (Invit-
rogen, # S34857) was added directly before measuring
for identification of dead cells. Lymphocytes were gated
based on scatter signals. Then, live cells were selected in
a FSC/SYTOX blue dot-plot and median fluorescence
intensities of PE and APC channels were determined.
For each condition, the MedianFI of the corresponding
unstained sample was subtracted from the mean of tech-
nical replicates before analysis.

To assess upregulation of CD25 after 96 h, correspond-
ing “resting” cells were stained for surface CD25 and
measured prior to activation after 24 h-treatment with
anti-TfR. “Activated” cells were measured after 96-h acti-
vation on anti-CD3e (OKT-3)- and anti-CD28 (CD28.2)-
coated 96 wells.

TfR surface level detection

Jurkat cells were collected and re-suspended in cold
RPMI+2% FCS to a density of 2x 10° cells/ml. For
“activated” condition, activating antibodies (1.5 pg/ml
anti-CD3e (OKT-3) and 1 pg/ml anti-CD28 (CD28.2))
were added to the cells in a twofold concentrated solu-
tion, resulting in a cell number of 1 x 10° per ml during
activation. Plain RPMI+ 2% FCS was added in the “rest-
ing” samples to yield 1 x 10° cells per ml final concen-
tration. In experiments with expanded primary T cells
(d7), activation was performed with using 5 pg/ml and
anti-CD3e (OKT-3) and anti-CD28 (CD28.2) final con-
centration. Activation of cells was allowed for defined
durations (5—-60 min) by transferring them to 37 °C. Cor-
responding “resting” cells were incubated at 37 °C as well.
Zero-minute timepoint samples were kept on ice. After
the incubation at 37 °C, surface TfR was stained using
different strategies depending on experimental setup.
For experiments presented in Fig. 1, PFA (Polysciences,
#18,814—20) was added to the samples to a final concen-
tration of 3.7% and cells were fixed for 20 min at RT. Cells
were washed twice and then surface TfR was stained with
2 ug/ml anti-TfR-biotin (OKT-9). Subsequently, samples
were washed twice and stained with Streptavidin-Pacific
Blue (4 pg/ml; Invitrogen, #511222). Alternatively, (Fig. 3)
cells were washed twice with cold serum-free RPMI and
stained subsequently for 30 min in 30 pg/ml labelled
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transferrin (transferrin-Alexa647) diluted in serum-free
RPMI. (Figs. 1 and 3) Before measuring at least 1 x 10*
cells with flow cytometry, cells were washed twice with
PBS and re-suspended in FACS buffer.

TfR recycling

Jurkat T cells or expanded primary T cells (d7) were col-
lected, re-suspended in RPMI+2% FCS to a density
of 2 x 10° cells/ml and incubated for 90 min with bioti-
nylated anti-TfR (2 pg/ml, OKT-9) at 37 °C, to allow
uptake of biotinylated anti-TfR (feeding). Subsequent
steps, except recycling phase, were performed on ice
with cold solutions. After the “feeding” phase cells were
collected, washed with RPMI+ 2% FCS twice and sub-
sequently incubated with unlabelled Streptavidin (4 pg/
ml in PBS) to block surface exposed biotin-anti-TfR. Per
treatment one sample was not treated with unlabelled
streptavidin to assess surface levels of TfR at t=0 min.
After 15 min, Alexa-488-labelled biotin (1 pg/ml; Sigma,
#30,574-1MG-F) was added to the samples to block
all remaining accessible binding sites of streptavidin.
Then, cells were washed twice and re-suspended in cold
RPMI+ 2% FCS (“resting”) or in RPMI+ 2% FCS, supple-
mented with activating antibodies (1.5 pg/ml anti-CD3e
(OKT-3) and 1 pg/ml anti-CD28 (CD28.2)) (“activated”).
Next, to enable recycling of antibody-labelled TfR, cells
were incubated for 5-40 min at 37 °C, or kept on ice
(0 min recycling). Cells were washed twice with cold PBS
and re-suspended in cold PBS containing Pacific Blue-
labelled Streptavidin (4 pg/ml; Invitrogen, # $11222).
“Unstained” samples were re-suspended in cold PBS
without labelled streptavidin. Staining was performed
20 min at 4 °C. After washing with cold PBS, the sam-
ples were resuspended in cold FACS buffer and at least
1 x 10* cells were measured at a LSR II flow cytometer
(BD Biosciences). Samples were kept on ice at all times
before measuring. Prior to measuring, 0.1 pM TO-PRO-3
(Invitrogen, #13605) was added for identification of dead
cells. For Fig. 1B, the ratio of Pacific Blue MedianFI of
activated/resting cells was calculated for all timepoints.
To compare TIR recycling between WT and FlotKO cell
lines upon activation, Pacific Blue MedianFI relative to
t=0 min was plotted in Fig. 3C.

LIP measurement (Calcein-AM)

Jurkat T cells were incubated overnight in RPMI+ 2%
ECS supplemented or not with 10 pg/ml anti-TfR. Next,
Jurkat T cells were collected, re-suspended to 1 x 10’
cells per ml and stained with 1 uM Calcein-AM (Invitro-
gen, C1430) for 20 min. Then, samples were washed twice
with PBS and re-suspended to 1 x 10° cells per ml in
RPMI+ 2% ECS supplemented or not with 10 pg/ml anti-
TfR. Prior to measuring fluorescence intensity of at least
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1 x 10* cells at a LSR II flow cytometer (BD Biosciences)
using the GFP filter set, 10 pg/ml of anti-CD3e (OKT3)
and anti-CD28 (CD28.2) were added for activation. Dead
cells were excluded by addition of 0.1 uM TO-PRO-3
(Invitrogen, #T3605). Median fluorescence intensity of
anti-TfR-treated samples was normalised to the intensity
of the corresponding control-treated sample.

ROS measurement

Jurkat T cells were incubated overnight in RPMI+ 2%
FCS supplemented or not with 10 pg/ml anti-TfR
(M-A712). Next, Jurkat T cells were collected, re-sus-
pended to 2 x 10° cells per ml in the corresponding
supernatant and stained with 5 pM CellROX green
(Invitrogen, #C10444) for 30 min or left unstained. For
activation, 1.5 pg/ml of anti-CD3e (OKT3) and 1 pg/
ml anti-CD28 (CD28.2) were added for the final 5 min
of staining. Then, cells were fixed with 4% PFA (Poly-
sciences, #18,814-20) for 15 min, washed twice with
PBS and at least 1 x 10* cells were analysed at a LSR II
flow cytometer (BD Biosciences) using the GFP filter
set.

Adhesion assay on ICAM-I and VCAM-I

Jurkat cells were pre-treated with anti-TfR or left
untreated as described above. For the experiment, 96
wells were coated with ICAM-I-Fc (2 pg/ml, diluted in
PBS, R&D Biosystems, # 720-IC-050) or VCAM-I-Fc
(4 pg/ml, diluted in PBS, Biolegend, #553,706) for 1 h at
37 °C. To determine the exact number of cells added per
well, one well was left uncoated to recover all cells after
the experiment (input). Coated wells were washed twice
carefully with PBS. Subsequently, 1 x 10° cells were added
per well in 100 pl and incubated for 15 min to equilibrate
temperature and pH. Then, activating mAb cocktail (anti-
CD3e+anti-CD28, 1.5 pg/ml and 1 pg/ml final, respec-
tively), or plain medium or MnCl, (1 mM final) was
added into corresponding wells and incubated 30 min at
37 °C. Input samples were collected for counting directly
after incubation. Next, remaining wells were carefully
washed twice with medium and adherent cells were dis-
sociated with enzyme-free dissociation buffer (Gibco,
#13,151,014). Cells were then resuspended and counted
using a LSR Fortessa flow cytometer (BD Biosciences).

Conjugate formation

Raji B- and (control or anti-TfR treated) Jurkat T cells
were stained with 5 uM CellTrace™ Violet (Invitrogen,
#C34557 (1x10° cells per ml)) or CFSE (Invitrogen,
#C34554 (1 x 107 cells/ml)) diluted in PBS for 20 min,
respectively, with dye switching between experiments.
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Next, Raji B cells (1 x 10°/ml) were pulsed (+SEE) or
not (—SEE) for 30 min with 2 pg/ml Staphylococcal
Enterotoxin E (SEE/Superantigen) (Toxin Technology,
#ET404). Subsequently, cells were washed three times
with RPMI+2% FCS. For conjugate formation, stained
Jurkat T cells and Raji B cells were mixed in a 1:1 ratio,
pelletised for 4 min at 300 x g and incubated at 37 °C for
10 min. For analysis, pellets were carefully resuspended
in 100 pl RPMI+2% FCS, diluted in 200 pl PBS, and at
least 1x 10* events were analysed using a LSR II flow
cytometer (BD Biosciences). Because a 1:1 ratio of Jur-
kat T:Raji B cells was not exactly observed during flow
cytometric analysis, the number of conjugates, defined
as CTV +/ CFSE +double-positive events, are displayed
relative to the total cell number (single cells + conjugates)
of the cell type which was in minority in the particular
experiment. Unspecific conjugates, defined as % conju-
gates in samples with un-pulsed Raji B cells (— SEE), were
subtracted from the corresponding + SEE values.

Staining of integrins

To determine surface levels of LFA-I and VLA-4 in
low- and high-affinity conformation, 1x10° cells
were distributed in round bottom 96 wells in 100 pl
and incubated for 15 min to equilibrate temperature
and pH. Then, directly labelled antibodies detecting
CD18 (PE, Clone 6.7, 1:50 final) or high-affinity-LFA-
I (FITC-mAb24 CD11/CD18, 1 ug/ml final) or high
affinity CD29-PE (PE-HUTS-21, 1:75 final) were added
together with plain assay medium or activating mAb
cocktail anti-CD3e (1.5 pg/ml) + anti-CD28 (1 pg/ml))
or MnCl, (1 mM final) into corresponding wells and
incubated for 10 min at 37 °C. Then, cells were rap-
idly cooled down on ice and pelletised in a pre-cooled
centrifuge (5 min, 350 x g, 4 °C). Supernatant was dis-
carded and cells were washed once with ice-cold PBS.
After washing, cells were resuspended in FACS buffer
and fluorescence of at least 1 x 10* cells was analysed
using a LSR Fortessa flow cytometer (BD Biosciences).

Statistical analysis

All statistical analyses excepting time of divergence anal-
ysis were performed using GraphPad software (Prism v9).
Statistical significance between datasets was determined
by performing two-tailed, unpaired non-parametric Stu-
dent’s T-tests, one-way ANOVA, two-way ANOVA or
one-sample t-test. Graphs show mean values for either
single cells or independent repeats as indicated, and error
bars represent the SEM. In statistical analysis, p>0.05 is
not marked or indicated as not significant (n.s.), whereas
statistically significant values are indicated by asterisks as
follows: *p <0.05, **p <0.01, ***p <0.001, ****p < 0.001.
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Time of divergence analysis was performed using a
custom MatLab script. To determine the timepoint of
divergence, pooled fluorescence intensity distributions
of WT and FlotKO#1 were compared by means of the
non-parametric Wilcoxon rank-sum test at each time-
point. Briefly, the null hypothesis that WT and FlotKO#1
data sets are from continuous distributions with equal
medians is tested against the alternative hypothesis they
are not. For each timepoint, a p-value is calculated, with
the timepoint of divergence defined as the first time-
point after which all subsequent p-values are equal to or
smaller than the considered significance level. *p <0.05,
*p<0.01.

Abbreviations

CME: Clathrin-mediated endocytosis; IS: Immunological synapse; LIP: Labile
iron pool; PFA: Paraformaldehyde; PI(3)P: Phosphatidylinositol 3-phosphate;
PI(4)P: Phosphatidylinositol 4-phosphate; PS: Phosphatidylserine; ROS: Reactive
oxygen species; SEE: Staphylococcal enterotoxin E; SEM: Standard error of the
mean; TCR: T cell receptor; TCRC: Zeta chain of TCR (CD274); TfR: Transferrin
receptor (CD71); TIRF: Total internal reflection fluorescence microscopy.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512915-022-01386-0.

Additional file 1: Supplementary figures 1-4. Figure S1. Related

toFig. 2. Exemplary depiction of transferrin-Alexa488 quantification in
Rab5 andRab11a compartments. Figure S2. Related to Fig. 4. TCR isin-
corporated into an endosomal network demarked by phosphatidylserine.
FigureS3. Related to Fig. 6 and Fig. 7. Kinetics of phosphorylation events-
downstream of TCR in expanded primary T cells from individual donors.
FigureS4. Related to Fig. 7. Mobilisation ofintegrins for adhesion at the IS
depends on functional iron uptake throughtransferrin-TfR axis.

Additional file 2. Uncroppedblots related to Figs 6&7.

Acknowledgements

We thank the staff of the Katharina Gaus Light Microscopy Facility of the
University of New South Wales. Further, we thank llona Kindinger for help with
blood preparation.

Authors’ contributions

JR, PR and GMIR designed the experiments; PR, GMIR, LZ, GPBS and CDC col-
lected and analysed the data; PR drafted the manuscript; DFL provided critical
editing; JR conceived the study and wrote the manuscript. All authors read
and approved the final manuscript.

Funding

Study design, data collection, data analysis and interpretation, manu-

script preparation and editing: National Health, Medical Research Council
(APP1102730) to JR, Swiss National Science Foundation (172969) to JR,
Thurgauische Stiftung fir Wissenschaft und Forschung, the State Secretariat
for Education, Research and Innovation.

Data collection and manuscript editing: Swiss National Science Foundation
(169,936), to DFL.

Availability of data and materials
The datasets generated and analysed during the current study are available
through the zenodo repository at https://doi.org/10.5281/zenodo.6113017.


https://doi.org/10.1186/s12915-022-01386-0
https://doi.org/10.1186/s12915-022-01386-0
https://doi.org/10.5281/zenodo.6113017

Rossatti et al. BMC Biology (2022) 20:189

Declarations

Ethics approval and consent to participate
Blood donation for research purposes was approved by the local ethics com-
mittee and individual donors gave written consent.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Biotechnology Institute Thurgau (BITg) at the University of Konstanz,
CH-8280 Kreuzlingen, Switzerland. “EMBL Australia Node in Single Molecule
Science, School of Medical Sciences, University of New South Wales, Sydney,
Sydney, Australia. *Department of Biology, University of Konstanz, Constance,
Germany.

Received: 21 February 2022 Accepted: 9 August 2022
Published online: 24 August 2022

References

1. Pereira M, ChenT-D, Buang N, Olona A, Ko J-H, Prendecki M, et al. Acute
iron deprivation reprograms human macrophage metabolism and
reduces inflammation in vivo. Cell Rep. 2019;28:498-511.e5.

2. Bonaccorsi-Riani E, Danger R, Lozano JJ, Martinez-Picola M, Kodela E,
Mas-Malavila R, et al. Iron deficiency impairs intra-hepatic lymphocyte
mediated immune response. PLoS One. 2015;10:e0136106.

3. Wang ZYinW, Zhu L, LiJ,Yao, Chen F, et al. Iron drives T helper cell
pathogenicity by promoting RNA-binding protein PCBP1-mediated
proinflammatory cytokine production. Immunity. 2018;49:80-92.e7.

4. Yarosz EL, Ye C, Kumar A, Black C, Choi E-K, Seo Y-A, et al. Cutting edge:
activation-induced iron flux controls CD4 T cell proliferation by promot-
ing proper IL-2R signaling and mitochondrial function. J Immunol.
2020;204:1708-13.

5. Weigel KJ, Lynch SG, LeVine SM. Iron chelation and multiple sclerosis. ASN
Neuro. 2014;6:e00136.

6. Ullrich O, Reinsch S, Urbé S, Zerial M, Parton RG. Rab11 regulates
recycling through the pericentriolar recycling endosome. J Cell Biol.
1996;135:913-24.

7. May WSJ, Cuatrecasas P. Transferrin receptor: its biological significance. J
Membr Biol. 1985;88:205-15.

8. Ned RM, Swat W, Andrews NC. Transferrin receptor 1 is differentially
required in lymphocyte development. Blood. 2003;102:3711-8.

9. Onnis A, Baldari CT. Orchestration of immunological synapse assembly by
vesicular trafficking. Front Cell Dev Biol. 2019;7:110.

10. Saveanu L, Zucchetti AE, Evhouchidou I, Ardouin L, Hivroz C. Is
there a place and role for endocytic TCR signaling? Immunol Rev.
2019;291:57-74.

11. Liu H, Rhodes M, Wiest DL, Vignali DA. On the dynamics of TCR:.CD3
complex cell surface expression and downmodulation. Immunity.
2000;13:665-75.

12. DasV, Nal B, Dujeancourt A, Thoulouze M-I, Galli T, Roux P, et al. Activa-
tion-induced polarized recycling targets T cell antigen receptors to the
immunological synapse; involvement of SNARE complexes. Immunity.
2004;20:577-88.

13. Osborne DG, Piotrowski JT, Dick CJ, Zhang J-S, Billadeau DD. SNX17
affects T cell activation by regulating TCR and integrin recycling. J Immu-
nol. 2015;194(9):4555-66.

14. Finetti F, Paccani SR, Riparbelli MG, Giacomello E, Perinetti G, Pazour GJ,
et al. Intraflagellar transport is required for polarized recycling of the TCR/
CD3 complex to the immune synapse. Nat Cell Biol. 2009;11:1332-9.

15. Compeer EB, Kraus F, Ecker M, Redpath G, Amiezer M, Rother N, et al.

A mobile endocytic network connects clathrin-independent receptor
endocytosis to recycling and promotes T cell activation. Nat Commun.
2018;9:1597.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

32.

33

34.

35.

36.

37.

38.

Page 20 of 21

. Redpath GMI, Ecker M, Kapoor-Kaushik N, Vartoukian H, Carnell M, Kempe

D, et al. Flotillins promote T cell receptor sorting through a fast Rab5-
Rab11 endocytic recycling axis. Nat Commun. 2019;10:4392.

. Trischler M, Stoorvogel W, Ullrich O. Biochemical analysis of distinct Rab5-

and Rab11-positive endosomes along the transferrin pathway. J Cell Sci.
1999;112(Pt 24):4773-83.

. Solis GP, Hulsbusch N, Radon Y, Katanaev VL, Plattner H, Stuermer CAO.

Reggies/flotillins interact with Rab11a and SNX4 at the tubulovesicu-
lar recycling compartment and function in transferrin receptor and
E-cadherin trafficking. Mol Biol Cell. 2013;24:2689-702.

. Rossatti P, Ziegler L, Schregle R, Betzler VM, Ecker M, Rossy J. Cdc42 cou-

plesT cell receptor endocytosis to GRAF1-mediated tubular invaginations
of the plasma membrane. Cells. 2019;8(11):1388.

Cronin SJF, Woolf CJ, Weiss G, Penninger JM. The role of iron regulation

in immunometabolism and immune-related disease. Front Mol Biosci.
20196:116.

Batista A, Millan J, Mittelbrunn M, Sanchez-Madrid F, Alonso MA. Recruit-
ment of transferrin receptor to immunological synapse in response to
TCR engagement. J Immunol. 2004;172:6709-14.

Galbraith GM, Goust JM, Mercurio SM, Galbraith RM. Transferrin binding
by mitogen-activated human peripheral blood lymphocytes. Clin Immu-
nol Immunopathol. 1980;16:387-95.

Pattanapanyasat K, Hoy TG. Expression of cell surface transferrin receptor
and intracellular ferritin after in vitro stimulation of peripheral blood T
lymphocytes. Eur J Haematol. 1991;47:140-5.

Motamedi M, Xu L, Elahi S. Correlation of transferrin receptor (CD71)
with Ki67 expression on stimulated human and mouse T cells: The
kinetics of expression of T cell activation markers. J Immunol Methods.
2016;437:43-52.

Anton O, Batista A, Millan J, Andrés-Delgado L, Puertollano R, Correas |,
et al. An essential role for the MAL protein in targeting Lck to the plasma
membrane of human T lymphocytes. J Exp Med. 2008;205:3201-13.
Larghi P, Williamson DJ, Carpier J-M, Dogniaux S, Chemin K, Bohineust

A, et al. VAMP7 controls T cell activation by regulating the recruitment
and phosphorylation of vesicular Lat at TCR-activation. Nat Immunol.
2013;14(7):723-31 advance on.

Capece T, Walling BL, Lim K, Kim K-D, Bae S, Chung H-L, et al. A novel
intracellular pool of LFA-1 is critical for asymmetric CD8+- T cell activation
and differentiation. J Cell Biol. 2017,216:3817-29.

Hanover JA, Willingham MC. Kinetics of transit of transferrin and
epidermal growth factor through clathrin-coated membranes. Cell.
1984,39(2):283-93.

Ecker M, Redpath GMI, Nicovich PR, Rossy J. Quantitative visualization of
endocytic trafficking through photoactivation of fluorescent proteins.
Mol Biol Cell. 2021;32:892-902.

. Redpath GMI, Betzler VM, Rossatti P, Rossy J. Membrane heterogeneity

controls cellular endocytic trafficking. Front Cell Dev Biol. 2020;8:757.

. Fairn GD, Schieber NL, Ariotti N, Murphy S, Kuerschner L, Webb R, et al.

High-resolution mapping reveals topologically distinct cellular pools of
phosphatidylserine. J Cell Biol. 2011;194:257-75.

Yeung T, Gilbert GE, Shi J, Silvius J, Kapus A, Grinstein S. Membrane phos-
phatidylserine regulates surface charge and protein localization. Science.
2008;319:210-3.

Matsudaira T, Mukai K, Noguchi T, Hasegawa J, Hatta T, lemura S, et al.
Endosomal phosphatidylserine is critical for the YAP signalling pathway in
proliferating cells. Nat Commun. 2017;8:1246.

Calderon F, Kim H-Y. Detection of intracellular phosphatidylserine in living
cells. J Neurochem. 2008;104:1271-9.

Tanaka Y, Ono N, Shima T, Tanaka G, Katoh Y, Nakayama K, et al. The phos-
pholipid flippase ATPIA is required for the recycling pathway from the
endosomes to the plasma membrane. Mol Biol Cell. 2016;27:3883-93.
Frick M, Bright NA, Riento K, Bray A, Merrified C, Nichols BJ. Coassembly
of flotillins induces formation of membrane microdomains, membrane
curvature, and vesicle budding. Curr Biol. 2007;17:1151-6.

Kakhlon O, Cabantchik ZI. The labile iron pool: Characterization, meas-
urement, and participation in cellular processes. Free Radic Biol Med.
2002;33:1037-46.

Giardino Torchia ML, Dutta D, Mittelstadt PR, Guha J, Gaida MM, Fish K,

et al. Intensity and duration of TCR signaling is limited by p38 phospho-
rylation of ZAP-70T293 and destabilization of the signalosome. Proc Natl
Acad SciU S A . 2018;115:2174-9.



Rossatti et al. BMC Biology (2022) 20:189

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Lo W-L, Shah NH, Ahsan N, Horkova V, Stepanek O, Salomon AR, et al. Lck
promotes Zap70-dependent LAT phosphorylation by bridging Zap70 to
LAT. Nat Immunol. 2018;19(7):733-41.

Hehner SP, Hofmann TG, Dienz O, Droge W, Schmitz ML. Tyrosine-
phosphorylated Vav1 as a point of integration for T-cell receptor- and
CD28-mediated activation of JNK, p38, and interleukin-2 transcription. J
Biol Chem. 2000;275:18160-71.

Doody GM, Billadeau DD, Clayton E, Hutchings A, Berland R, McAdam

S, et al. Vav-2 controls NFAT-dependent transcription inB- but not
T-lymphocytes. EMBO J. 2000;19:6173-84.

Courtney AH, Lo W-L, Weiss A. TCR Signaling: Mechanisms of Initiation
and Propagation. Trends Biochem Sci. 2018;43:108-23.

Laufer JM, Kindinger |, Artinger M, Pauli A, Legler DF. CCR7 is recruited to
the immunological synapse, acts as co-stimulatory molecule and drives
LFA-1 clustering for efficient T cell adhesion through ZAP70. Front Immu-
nol.2018;9:3115.

Au-Yeung BB, Levin SE, Zhang C, Hsu LY, Cheng DA, Killeen N, et al. A
genetically selective inhibitor demonstrates a function for the kinase
Zap70in regulatory T cells independent of its catalytic activity. Nat
Immunol. 2010;11:1085-92.

Ku GM, Yablonski D, Manser E, Lim L, Weiss A. A PAK1-PIX-PKL complex

is activated by the T-cell receptor independent of Nck, SIp-76 and LAT.
EMBO J. 2001;20:457-65.

Bubeck Wardenburg J, Pappu R, Bu JY, Mayer B, Chernoff J, Straus D, et al.
Regulation of PAK activation and the T cell cytoskeleton by the linker
protein SLP-76. Immunity. 1998;9:607-16.

Phee H, Abraham RT, Weiss A. Dynamic recruitment of PAK1 to the immu-
nological synapse is mediated by PIX independently of SLP-76 and Vav1.
Nat Immunol. 2005;6:608-17.

Comrie WA, Li S, Boyle S, Burkhardt JK. The dendritic cell cytoskeleton
promotes T cell adhesion and activation by constraining ICAM-1 mobility.
J Cell Biol. 2015;208:457-73.

Springer TA, Dustin ML. Integrin inside-out signaling and the immuno-
logical synapse. Curr Opin Cell Biol. 2012;24:107-15.

Legler DF, Wiedle G, Patrick Ross F, Imhof BA. Superactivation of integrin
av33 by low antagonist concentrations. J Cell Sci. 2001;114:1545-53.
Van Der Sluijs P, Hull M, Webster P, Male P, Goud B, Mellman |. The small
GTP-binding protein rab4 controls an early sorting event on the endo-
cytic pathway. Cell. 1992,70:729-40.

Naslavsky N, Caplan S. The enigmatic endosome - sorting the ins and
outs of endocytic trafficking. J Cell Sci. 2018;131:jcs216499.

Lakadamyali M, Rust MJ, Zhuang X. Ligands for clathrin-mediated
endocytosis are differentially sorted into distinct populations of early
endosomes. Cell. 2006;124:997-1009.

Redwine WB, DeSantis ME, Hollyer |, Htet ZM, Tran PT, Swanson SK, et al.
The human cytoplasmic dynein interactome reveals novel activators of
motility. Elife. 2017,6:1-27.

Rai A, Pathak D, Thakur S, Singh' S, Dubey AK, Mallik R. Dynein clusters
into lipid microdomains on phagosomes to drive rapid transport toward
lysosomes. Cell. 2016;164:722-34.

Kay JG, Fairn GD. Distribution, dynamics and functional roles of phos-
phatidylserine within the cell. Cell Commun Signal. 2019;17(1):126.
Maekawa M, Fairn GD. Complementary probes reveal that phosphatidyl-
serine is required for the proper transbilayer distribution of cholesterol. J
Cell Sci. 2015;128:jcs.164715-.

Lee S, Uchida Y, Wang J, Matsudaira T, Nakagawa T, Kishimoto T, et al.
Transport through recycling endosomes requires EHD 1 recruitment by a
phosphatidylserine translocase. EMBO J. 2015;34:669-88.

Baetz NW, Goldenring JR. Distinct patterns of phosphatidylserine
localization within the Rab11a-containing recycling system. Cell Logist.
2014;4:28680.

Tanner LI, Lienhard GE. Insulin elicits a redistribution of transferrin recep-
tors in 3T3-L1 adipocytes through an increase in the rate constant for
receptor externalization. J Biol Chem. 1987;262:8975-80.

Du L, Post SR. Macrophage colony-stimulating factor differentially
regulates low density lipoprotein and transferrin receptors. J Lipid Res.
2004;45:1733-40.

McGraw TE, Dunn KW, Maxfield FR. Phorbol ester treatment increases the
exocytic rate of the transferrin receptor recycling pathway independent
of serine-24 phosphorylation. J Cell Biol. 1988;106:1061-6.

Page 21 of 21

63. Castagnola J, MacLeod C, Sunada H, Mendelsohn J, Taetle R. Effects
of epidermal growth factor on transferrin receptor phosphorylation
and surface expression in malignant epithelial cells. J Cell Physiol.
1987;132:492-500.

64. Davis RJ, Czech MP. Regulation of transferrin receptor expression at the
cell surface by insulin-like growth factors, epidermal growth factor and
platelet-derived growth factor. EMBO J. 1986,5:653-8.

65. Shvartsman M, Fibach E, Cabantchik ZI. Transferrin-iron routing to the
cytosol and mitochondria as studied by live and real-time fluorescence.
Biochem J. 2010;429:185-93.

66. LiW, Hellsten A, Xu L-H, Zhuang D-M, Jansson K, Brunk UT, et al. Foam
cell death induced by 7f3-hydroxycholesterol is mediated by labile iron-
driven oxidative injury: Mechanisms underlying induction of ferritin in
human atheroma. Free Radic Biol Med. 2005;39:864-75.

67. Kakhlon O, Gruenbaum Y, Cabantchik ZL. Repression of ferritin expression
increases the labile iron pool, oxidative stress, and short-term growth of
human erythroleukemia cells. Blood. 2001;97:2863-71.

68. Epsztejn S, Glickstein H, Picard V, Slotki IN, Breuer W, Beaumont C, et al.
H-ferritin subunit overexpression in erythroid cells reduces the oxidative
stress response and induces multidrug resistance properties. Blood.
1999;94:3593-603.

69. Meng FG, Zhang ZY. Redox regulation of protein tyrosine phosphatase
activity by hydroxyl radical. Biochim Biophys Acta. 2013;1834:464-9.

70. Schieber M, Chandel NS. ROS function in redox signaling and oxidative
stress. Curr Biol. 2014;24:R453-62.

71. Devadas S, Zaritskaya L, Rhee SG, Oberley L, Williams MS. Discrete genera-
tion of superoxide and hydrogen peroxide by T cell receptor stimulation:
selective regulation of mitogen-activated protein kinase activation and
fas ligand expression. J Exp Med. 2002;195:59-70.

72. Jackson SH, Devadas S, Kwon J, Pinto LA, Williams MS. T cells express a
phagocyte-type NADPH oxidase that is activated after T cell receptor
stimulation. Nat Immunol. 2004;5:818-27.

73. Kwon J, Shatynski KE, Chen H, Morand S, de Deken X, Miot F, et al. The
nonphagocytic NADPH oxidase Duox1 mediates a positive feedback loop
during T cell receptor signaling. Sci Signal. 2010;3(133):ra59.

74. Sena LA, Li S, Jairaman A, Prakriya M, Ezponda T, Hildeman DA, et al.
Mitochondria are required for antigen-specific T cell activation through
reactive oxygen species signaling. Immunity. 2013;38:225-36.

75. Scharping NE, Rivadeneira DB, Menk AV, Vignali PDA, Ford BR, Rittenhouse
NL, et al. Mitochondrial stress induced by continuous stimulation under
hypoxia rapidly drives T cell exhaustion. Nat Immunol. 2021;22:205-15.

76. Chiarugi P, Pani G, Giannoni E, Taddei L, Colavitti R, Raugei G, et al. Reac-
tive oxygen species as essential mediators of cell adhesion : the oxidative
inhibition of a FAK tyrosine phosphatase is required for cell adhesion. J
Cell Biol. 2003;161:933-44.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Rapid increase in transferrin receptor recycling promotes adhesion during T cell activation
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	TCR triggering increases TfR endocytosis, surface expression and recycling
	Increased recycling of TfR is mediated by a fast flotillin-dependent Rab5-Rab11a endocytic axis
	Flotillin-deficient T cells fail to increase TfR recycling upon T cell activation
	Phosphatidylserine demarks fast endocytic recycling pathway of transferrin-TfR
	Blocking transferrin uptake selectively impairs phosphorylation of the kinase Zap70
	Iron deprivation reduces PAK-dependent integrin adhesion and conjugate formation

	Discussion
	Conclusions
	Methods
	Plasmids
	Cell culture
	Antibodies
	Preparation of primary human cells
	Microscopy
	Image analysis
	Treatment for transferrin-binding inhibition
	Transferrin uptake assay
	Western blot
	CD69-CD25 up-regulation
	TfR surface level detection
	TfR recycling
	LIP measurement (Calcein-AM)
	ROS measurement
	Adhesion assay on ICAM-I and VCAM-I
	Conjugate formation
	Staining of integrins
	Statistical analysis

	Acknowledgements
	References


