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Immune cells communicate by releasing large quantities of cytokines. Although

the mechanisms of cytokine secretion are increasingly understood, quantitative

knowledge of the number of cytokines per vesicle is still lacking. Here, we mea-

sured with quantitative microscopy the release rate of vesicles potentially carry-

ing interleukin-6 (IL-6) in human dendritic cells. By comparing this to the total

secreted IL-6, we estimate that secretory vesicles contain about 0.5–3 IL-6

molecules, but with a large spread among cells/donors. Moreover, IL-6 did not

accumulate within most cells, indicating that synthesis and not trafficking is the

bottleneck for IL-6 production. IL-6 accumulated in the Golgi apparatus only

in ~ 10% of the cells. Understanding how immune cells produce cytokines is

important for designing new immunomodulatory drugs.
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A general and important hallmark of the immune sys-

tem is the remarkable plasticity of cytokine secretion by

immune cells. Cellular activation, for instance, during

infection or tissue damage, triggers the secretion of pro-

or anti-inflammatory cytokines to orders of magnitude

higher than at resting conditions [1,2]. One of the most

prominent examples is the secretion of the soluble cyto-

kine interleukin 6 (IL-6) within hours after stimulation

of macrophages and dendritic cells by the bacterial cell

membrane component lipopolysaccharide (LPS) [3–5].
Here, LPS binds to the pattern recognition receptor

Toll-like receptor 4 on the plasma membrane of these

immune cells and this triggers activation of NF-jB and

other transcription factors, which in turn result in the

transcription and translation of IL-6. As most cytoki-

nes, IL-6 traffics from the endoplasmic reticulum (ER)

to the recycling endosome (RE) through the Golgi appa-

ratus [2,6]. REs are tubulovesicular organelles that

regulate the trafficking of secretory vesicles to the

plasma membrane [1], eventually resulting in the release

of IL-6 into the extracellular environment.

Of course, not only the biosynthetic transcription and

translation machinery but also the secretory trafficking

machinery must be capable of coping with the require-

ments for increased release of IL-6 upon LPS activation.

However, several pieces of evidence suggest that secre-

tion (and not synthesis) might be limiting for cellular

production of IL-6. In the macrophage cell line

RAW264.7, endogenous IL-6 accumulates in the Golgi

area within 1 h after LPS stimulation, indicating that

the Golgi may act as a bottleneck limiting the secretion

of newly synthesized IL-6 [6]. In addition, several

trafficking proteins involved in release of IL-6 (and

other cytokines) are upregulated together with IL-6 [1],

such as syntaxin-3 and vesicle-associated membrane

protein 3 (VAMP3), both soluble NSF attachment
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protein receptor (SNARE) proteins mediating IL-6

secretion [6–8]. Finally, the interactions of VAMP3 with

syntaxin-4 at the plasma membrane increase upon LPS

activation of dendritic cells and this coincides with

increased IL-6 secretion [3]. However, any quantitative

data on the secretory pathway for IL-6 or other cytoki-

nes are surprisingly lacking. In this study, we set out to

fill this gap by means of quantitative microscopy. We

quantified the number of IL-6 molecules per secretory

vesicle in human dendritic cells derived from blood. Sur-

prisingly, we estimate that even under strong inflamma-

tory conditions, potential secretory vesicles contained

on average only ~ 3 IL-6 molecules in case secretion

only occurs at the ventral (glass-adhered) membrane

and 0.5 in case of completely nonpolarized secretion.

However, this number varied widely among cells and

donors. These low numbers suggest that the secretory

pathway is not a major bottleneck for IL-6 production,

and this is supported by our finding that IL-6 did not

accumulate within the majority of dendritic cells. How-

ever, for a minor fraction of dendritic cells (~ 10%) we

observed IL-6 accumulation at the Golgi, suggesting

that trafficking can be the bottleneck for some cells.

Materials and methods

Cells

Dendritic cells were derived from peripheral blood mono-

cytes isolated from a buffy coat from healthy volunteers

(informed consent obtained and according to national and

institutional ethics guidelines) [9], as described [10]. Cells

were stimulated overnight with a final concentration of

1 lg�mL�1 LPS. Cells were transfected using the Neon

Transfection system (Invitrogen, Waltham, MA, USA), as

described [10]. The plasmid coding for IL-6-GFP has been

described [6] and was a gift from Jennifer Stow (Addgene,

Cambridge, MA, USA Plasmid # 28088).

ELISA

Interleukin-6 production was measured by using an ELISA

kit (88-7066-88; eBioscience, Waltham, MA, USA) accord-

ing to the manufacturer’s instructions.

Immunofluorescence

Immunofluorescence labeling was performed as described

[11]. Primary antibodies used were mouse IgG1 anti-CD9

clone M-L13 (#555370; BD Biosciences, Franklin Lakes,

NJ, USA), mouse ascites IgG1 against human transferrin

receptor (TfR; clone b3/25; Santa Cruz Biotechnology, Dal-

las, TX, USA), and mouse IgG1 against GM130 (610822;

BD Biosciences), all at a 1 : 100 dilution. Secondary

antibodies were labeled with Alexa Fluor 647 (Life Tech-

nologies, Waltham, MA, USA) and used at a 1 : 400 dilu-

tion. F-actin was stained with phalloidin conjugated to

Alexa Fluor 647 (A22287; 1 : 400 dilution; Molecular

probes, Waltham, MA, USA). For staining of endogenous

IL-6, cells were fixed with ice cold methanol for 20 min at

�20 °C and blocked with 5% donkey serum in PBS. Cells

were incubated overnight with mouse IgG2b against IL-6

(sc-130326; Santa Cruz) and rabbit IgG against VAMP3

(ab5789; Abcam, Cambridge, UK). After extensive wash-

ing, the cells were incubated with secondary antibodies con-

jugated to Alexa Fluor 647 (donkey-anti-mouse) and Alexa

Fluor 488 (donkey-anti-rabbit). Cells were embedded in

mounting medium containing 0.01% (v/v) 6-hydroxy-

2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox),

68% (v/v) glycerol, and 0.3 lg�mL�1 40,6-diamidino-2-phe-

nylindole. The cells were imaged with a Leica SP8 confocal

laser scanning microscope (Wetzlar, Germany) equipped

with a 63 9 1.20 NA water immersion objective.

TIRF microscopy

Total internal reflection fluorescence (TIRF) was performed

on an Olympus IX71 inverted microscope equipped with a

150 9 1.45 NA oil immersion objective and a

CellTIRF illuminator (Olympus, Hamburg, Germany). Exci-

tation light was provided with 100 mW 488 nm solid-state

laser (Olympus). Fluorescence emission was collected using

an appropriate dichroic mirror (CMR-U-M4TIR-SBX;

Olympus) and emission band-pass filter (FF01-530/43-25;

Semrock, Rochester, NY, USA) with an EM-CCD camera

(C9100-13; Hamamatsu, Hamamatsu City, Shizuoka,

Japan). The sample was kept at 37 °C by a sample heater

(Pecon, Erbach, Germany) and an objective heater (Tokai-

Hit, Fujinomiya-shi, Shizuoka, Japan). Bursts were identi-

fied from time-lapse movies of dendritic cells expressing IL-

6-GFP I(x, y, t) by first calculating the time differences in

fluorescence with (Eqn 1):

DIðx; y; tÞ ¼ Iðx; y; tÞ � Iðx; y; t� 1Þ: ð1Þ
By conventional blob detection on this time series

DI(x, y, t), a list containing the coordinates and times of

each fluorescence burst was then generated. We manually

validated the efficiency of this semi-automatic burst detec-

tion algorithm, and estimate that > 90% of bursts are cor-

rectly identified. To generate fluorescence intensity

histograms of the bursts, we integrated peak intensities over

the surface area of the detected bursts. Intensity histograms

were fitted with Poisson distributions using OriginPro 2016

(OriginLab, Northampton, MA, USA).

STED microscopy

Dendritic cells were labeled with a PEGylated cholesterol

analog labeled with a far-red fluorophore [12,13]. Cells
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were resuspended in Live Cell Imaging Solution (Thermo

Fisher, Waltham, MA, USA). 3D image stacks were

recorded with a three-dimensional super-resolution stimula-

tion emission depletion (STED) microscope with an isomet-

ric resolution of ~ 100 nm in all dimensions, as described

[14,15].

Flow cytometry

Dendritic cells were stained with rat IgG2a against human

IL-6 conjugated to phycoerythrin (clone MQ2-6A3; Biole-

gend, San Diego, CA, USA) and with a fixable viability

dye eFluorTM 780 (eBioscience, Waltham, MA, USA). Cells

were measured on a MACSQuant (Miltenyi Biotec, Leiden,

the Netherlands). Data were analyzed using FLOWJO soft-

ware (Franklin Lakes, NJ, USA).

Statistical analysis

All data were analyzed using a paired two-sided Student’s

t-test (two conditions) or ANOVA with post hoc Bonfer-

roni multiple comparison test (> 2 conditions). A value of

P < 0.05 was considered statistically significant (*P < 0.05,

**P < 0.01, ***P < 0.001).

Results

We first measured the secretion of IL-6 from dendritic

cells derived from monocytes isolated from blood of

healthy volunteers. In resting conditions, these den-

dritic cells secreted on average about 0.05 fg�cell�1�h�1

of IL-6 (Fig. 1). Given that the molecular weight of

the main form of IL-6 is 23.7 kDa [16], this equals

about 1300 IL-6 molecules�cell�1�h�1. We then stimu-

lated the cells with LPS for 24 h. During this period,

cells secrete more IL-6 which accumulates in medium

in an almost linear fashion for over 24 h [3]. Overnight

stimulation of the DCs with LPS increased the IL-6

secretion on average roughly 40-fold to ~ 46 000

molecules�cell�1�h�1 (Fig. 1). Thus, a resting dendritic

cell on average releases an IL-6 molecule approxi-

mately every 3 s. Upon LPS stimulation, this number

increases to about 13 IL-6 molecules per second.

Next, we determined cellular heterogeneity in our

dendritic cell populations by determining the number

of cells that produced IL-6. It is well established that

even within one cell type, major differences in protein

expression and cytokine secretion can be present

[17–19]. Therefore, we estimated the percentage of IL-

6 producing dendritic cells upon LPS stimulation by

flow cytometry combined with immunolabeling of

intracellular IL-6. Only a minor population of ~ 10%

of the dendritic cells showed intracellular pools of IL-

6, and this accumulation was low and only observable

4–6 h after LPS stimulation (Fig. 2A,B), indicating

that most IL-6 was secreted rapidly after synthesis.

Based on immunofluorescence staining of endogenous

IL-6, IL-6 accumulated at the Golgi region and (less)

at REs (Fig. 2C), as reported previously [6]. To pre-

vent the secretion and accumulate all produced IL-6

within the cells, we repeated the flow cytometry experi-

ments in presence of Brefeldin A (BrefA) which pre-

vents cytokine secretion by disrupting ER-Golgi

trafficking [20]. This enabled us to estimate the per-

centage of cells within our population that is capable

of IL-6 secretion. BrefA treatment resulted in both a

higher IL-6 signal and a higher fraction of ~ 42% of

all cells showing intracellular pools of IL-6 (for 6 h

LPS stimulation; Fig. 2). After 6 h, the intracellular

accumulation decreased, possibly due to degradation.

When we correct the average IL-6 secretion rate for

the fraction of IL-6-producing cells (~ 42% of the

population; BrefA condition in Fig. 2B), we find that

Fig. 1. IL-6 secretion by dendritic cells. (A) The total cellular secretion of IL-6 by dendritic cells measured by ELISA with and without

overnight stimulation with LPS. Data points: individual donors. (B) Same as panel A, but now divided through the total number of cells and

the time to calculate the average IL-6 secretion per cell per hour. Student’s t-test, **P < 0.01.
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LPS-stimulated cells on average secrete roughly 30 IL-

6 molecules per second. However, based on the spread

of intensities of the IL-6 signals in the flow cytometry

experiments (Fig. 2A), the variation in IL-6 produc-

tion among the cell population is large and ranges for

over an order of magnitude.

To obtain a rough estimate of the number of IL-6

molecules per secretory vesicle, we estimated the rate

of exocytotic events from dendritic cells. For this, we

overexpressed IL-6 C-terminally fused to GFP (IL-6-

GFP) from the strong cytomegalovirus promotor. This

construct was used previously to study intracellular

trafficking of IL-6 in RAW264.7 macrophages [6]. As

reported in this study, and similar to endogenous IL-6

(Fig. 2C), we observed accumulation of IL6-GFP in

the Golgi apparatus and REs of dendritic cells

(Fig. 3). Exocytosis of vesicles containing IL-6-GFP

was then measured by TIRF microscopy. As GFP is

quenched in the acidic environment of exocytotic

vesicles [21], exocytosis of IL-6 results in a sudden

‘burst’ of fluorescence. This burst rapidly decreases

in intensity as IL-6-GFP diffuses away and/or gets

photobleached (Fig. 4A,B; Video S1). As TIRF micro-

scopy is capable of imaging relatively thin optical

sections at the surface of the coverslip (i.e., at the ven-

tral (lower) plasma membrane) without interference

from cytosolic fluorescence, it allows to record time-

lapse movies of exocytosis events, which are apparent

from fluorescence bursts and this is a widely used

technique to study exocytosis (reviewed in [22]).

Unstimulated dendritic cells displayed on average

~ 0.0013 bursts�s�1�lm�2 of IL-6-GFP (Fig. 4C). This

rate increased on average about twofold to

~ 0.0027 bursts�s�1�lm�2 upon overnight stimulation

with LPS, likely due to the increased expression of

trafficking proteins [6,8] and the rerouting of intracel-

lular trafficking [3]. These are coarse estimates, with a

10-fold variation among cells (Fig. 4C). Moreover, the

intensity distributions fitted reasonably well with a

Poisson distribution with the lowest intensity peak in

the histogram corresponding to a single IL-6-GFP

molecule (Fig. 4D). Extrapolating the fit to zero fluo-

rescence intensity allowed to estimate the fraction of

vesicles not containing the IL-6-GFP reporter. From

Fig. 2. IL-6 production by dendritic cells is heterogeneous. (A) Representative flow cytometry plots showing the distribution of intracellular

IL-6 in unstimulated cells or cells stimulated with LPS for 6 h with or without BrefA. SSC, side scatter. (B) Quantification of the percentage

of IL-6-positive cells from panel A following LPS stimulation over time in presence (green) or absence (blue) of BrefA. Shown is

mean � SEM (≥ 3 donors). (C) Confocal images of LPS-activated dendritic cells immunostained for the SNARE VAMP3 (green in merge)

and IL-6 (magenta). Arrowhead: cell positive for IL-6. Yellow regions in intensity distributions: overlap of VAMP3 and IL-6 intensities. Scale

bar, 10 lm.
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this fitting, we estimate that secretory vesicles con-

tained on average about 0.7 � 0.2 IL-6-GFP mole-

cules, and that ~ 49% of the vesicles did not contain

an IL-6-GFP molecule (Fig. 4D). Thus, this suggests

that we did not detect about half of the exocytic events

because these vesicles did not contain IL-6-GFP.

Lastly, we cannot exclude that IL-6-GFP overexpres-

sion could overwhelm the normal secretion mechanism

leading to deviations in the burst rates, although we

did not observe a correlation between burst rates and

expression levels of IL-6-GFP.

Because of the limited imaging depth of TIRF

microscopy, we could only measure exocytic events at

the ventral membrane and not at the dorsal mem-

brane. We recently showed that a post-fusion complex

of the SNARE VAMP3 (responsible for IL-6 release

[3,6,23]) is present at the dorsal membrane of dendritic

cells, suggesting that exocytosis does take place at this

side [3]. This is in line with findings in macrophages

where no evidence was found for polarized secretion

of IL-6, whereas tumor necrosis factor a (TNFa) was
secreted predominantly at the phagocytic cup [6].

Moreover, secretion measured with TIRF microscopy

is representative of the total exocytosis in adrenal

chromaffin cells, and exocytosis does not differ

between the ventral and dorsal membranes [24]. Never-

theless, it could be possible that IL-6 secretion in den-

dritic cells is (partly) polarized and has a preference

for the ventral or dorsal membrane. To account for

this, we determined different scenarios of fully polar-

ized and nonpolarized secretion in our calculations

and first determined the average apparent surface areas

of the ventral and dorsal plasma membranes by

confocal imaging. Here, we immunolabeled dendritic

cells for the membrane marker CD9 (Fig 5A,B) [25–
27]. We then estimated the apparent total surface areas

from three-dimensional confocal z-stacks of dendritic

cells by the method of the spatial grid [28,29]. With

this method, the surface area is approximated from the

number of intersection points of the cell surface with a

grid of virtual probes. Here, we took advantage of the

convex shape of dendritic cells which means that each

virtual probe only passes through the cell a single time

(i.e., no internal angles > 180°). Because each probe

only intersects the cell surface twice, we can estimate

the apparent total surface area Aapp from the projected

surface areas in three dimensions AXY, AZX, and AZY

(Fig. 5C) with (Eqn 2):

Aapp ¼ 4=3ðAxy þ Axy þ AyzÞ: ð2Þ
Note that Axy is equal to the ventral (glass-adherent)

membrane surface area, and the dorsal membrane

surface area can be calculated from the difference

between Aapp and Axy. Unstimulated cells had an

average total apparent surface area of approxi-

mately Aapp = ~ 4035 � 277 lm2 [dorsal membrane:

2260 � 135 lm2; ventral membrane: 1775 � 155 lm2

(� SEM from three different donors)] and this area

did not change upon stimulation with LPS (Aapp =
3858 � 181 lm2; dorsal membrane: 2185 � 110 lm2;

ventral membrane: 1673 � 143 lm2; Fig. 5D). We

obtained similar results with fluorescently labeled phal-

loidin which stains the (cortical) actin cytoskeleton

(Fig. S1A–E). Note that these values indicate the

apparent surface areas as estimated from confocal

Fig. 3. Overexpressed IL-6-GFP accumulates in Golgi and REs. Confocal images of dendritic cell transfected with IL-6 fused to GFP (IL-6-

GFP; green in merge) and immunostained for the Golgi marker GM130 or the recycling endosomal marker TfR (magenta). Yellow regions in

intensity distributions: overlap of IL-6 GFP and GM130 or TfR intensities. Scale bar, 10 lm.
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microscopy, and these values will be substantially

lower than the total surface area, because membrane

ruffling is not accounted for. Due to the limited (i.e.,

diffraction-limited) resolution of confocal microscopy,

membrane curvature arising from ruffling cannot be

properly resolved and this leads to an underestimation

of the total membrane surface area.

To correct for this membrane ruffling, we recorded

three-dimensional super-resolution STED microscopy

image stacks of dendritic cells labeled with a fluores-

cent cholesterol analog [12–15] (Fig. 6A). The extent

of membrane ruffling was estimated from these image

stacks by tracing the ventral and dorsal membranes in

multiple cross-sections (Fig. 6B). Correction factors

for membrane ruffling were then calculated as the

square of the ratio of the lengths of the traces from

STED over the smooth plane curves from confocal

microscopy (Fig. 6C). The dorsal membranes were

strongly ruffled, leading to an ~ 3.6-fold underestima-

tion of the surface area by diffraction-limited confocal

microscopy. In contrast, the ventral membrane was

only somewhat ruffled and the surface area was only

underestimated by 7%. This means that the corrected

average area of membrane surface of a glass-adherent

unstimulated dendritic cell is ~ 8136 lm2 for the dor-

sal and 1899 lm2 for the ventral membrane (Fig. 6D).

For LPS-stimulated dendritic cells, the surface areas

are 7866 lm2 for the dorsal and 1789 lm2 for the ven-

tral membrane (Fig. 6D).

By multiplying the burst rates per imaged surface

area from the TIRF microscopy with the total surface

areas from the confocal z-stacks, we were able to

obtain a rough estimate of the average burst rate per

cell per second. In case of 100% polarized secretion

only at the ventral membrane, the average burst rate

increased from ~ 2.5 to 4.8 bursts�cell�1�s�1 upon LPS

Fig. 4. Vesicle release rate at the ventral membrane of dendritic cells. (A) Stills from time-lapse TIRF microscopy of dendritic cell

overexpressing IL-6-GFP. Details of three exocytosis events indicated by the arrowheads are shown. Color of the arrowheads is matched

with kymographs. Kymographs are aligned to the maximum intensities of the bursts (t = 0). Scale bar, 10 lm. See also Video S1. (B)

Quantification of the fluorescence signals shown in panel A over time. Yellow shaded areas: occurrence of exocytotic events. (C) IL-6-GFP

burst rates per lm2 of imaged ventral cell surface area per second of IL-6 GFP exocytosis. Data points show individual cells combined from

three donors. (D) Blue: fluorescence intensity distribution of IL-6-GFP bursts for a representative donor. Purple solid line: fit with Poisson

distribution with an average of 0.7 IL-6-GFP molecules per burst. The fit was extrapolated to zero fluorescence intensity to quantify the

fraction of vesicles not containing the IL-6-GFP reporter (~ 49%).
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stimulation (Fig. 7A; burst rate 9 corrected ventral

membrane surface area). In case exocytosis also occurs

at the dorsal site and is completely nonpolar, the burst

rates would be higher and increase from 13 to

26 bursts�cell�1 s�1 upon LPS stimulation (burst

rate 9 corrected total membrane surface area). As we

estimated (Fig 1; by ELISA) that unstimulated den-

dritic cells on average secrete roughly one IL-6 mole-

cule per 3 s, this means that on average only about 1

in 7.5 (for 100% ventral release) or 39 (nonpolar

release) secretory vesicles contains an IL-6 molecule

(Fig. 7B). For LPS-stimulated dendritic cells that

secrete 13 IL-6 molecules per second, average vesicles

contain on average roughly 0.5 (for nonpolar release;

half of the vesicles empty) to 3 (100% ventral) IL-6

molecules. However, it should be considered that this

is a coarse and average estimate, and because of the

large variation in IL-6 production, burst rates, and cell

surface areas, this number is expected to vary substan-

tially among cells and vesicles.

Discussion

In this study, we estimated the number of IL-6 mole-

cules released per secretory vesicle from dendritic cells

derived from human blood. We estimated that each

secretory vesicle of an LPS-stimulated monocyte-

derived dendritic cell contains on average between

about ~ 0.5 and 3 molecules of IL-6. The lower esti-

mate is assuming completely nonpolarized secretion, as

suggested by a macrophage study where there was no

evidence found for polarized secretion of IL-6 in

macrophages, whereas TNFa was predominantly

secreted at the nascent cup of phagosomes [6]. The

higher estimate is for the case that IL-6 is exclusively

released at the ventral membrane, which we consider

unlikely given that we recently showed [3] the presence

of VAMP3 in postfusion cis-SNARE complexes (i.e.,

the SNARE for IL-6 release [3,6,23]) at the dorsal

membrane. In the case where release of IL-6 would be

higher at the dorsal than the ventral membranes, we

underestimate the rate of exocytic events and the aver-

age number of IL-6 molecules per vesicle will be even

lower.

Of course, our estimates are based on a large num-

ber of assumptions. Most importantly, we assumed

that we labeled every secretory vesicle that potentially

can release IL-6 by overexpression of IL-6-GFP. Fit-

ting the fluorescence intensity distributions of the GFP

bursts with Poisson distribution indicated that this

might not be the case, and that we miss about half of

the exocytosis events because the vesicle does not carry

Fig. 5. Apparent imaged surface areas of dendritic cells. (A) Confocal z-stack of a dendritic cell adhered to a cover slip and immunolabeled

for the membrane marker CD9. The yellow dashed lines indicate the positions of the monograph (XY) relative to the orthogonal projections

(XZ and YZ). (B) Average intensity z-projections from the cell in panel A. (C) Projected surface areas from the cell shown in panel A. Scale

bar, 10 lm. The apparent imaged surface area from the cell in panels A–C was 2744 lm2. (D) Frequency distributions of the total (gray

filled), ventral (pink), and dorsal (blue) apparent surface areas of all measured cells for the control and LPS-stimulated conditions (combined

for three donors). Bar graphs: average apparent membrane surface areas (� SEM).

1541FEBS Letters 592 (2018) 1535–1544 ª 2018 The Authors. FEBS Letters published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies.

D. R. J. Verboogen et al. Secretory vesicles contain few interleukin 6 molecules



an IL-6-GFP reporter protein. Because of this, the

fraction of vesicles containing IL-6 might be overesti-

mated ~ 2-fold accordingly. If, on the other hand, the

overexpression of IL-6-GFP or the GFP-tag distorts

the intracellular trafficking somehow, this might lead

to an under- or overestimation of the number of

Fig. 6. Quantification of membrane ruffling by super-resolution microscopy. (A) Representative surface projection of a live dendritic cell

labeled with a fluorescent cholesterol analog and imaged by three-dimensional STED microscopy. Note the increased resolution of STED

compared to diffraction-limited confocal imaging. (B) Orthogonal section as indicated in yellow in panel A and traces of the dorsal and

ventral membranes. Scale bar, 5 lm. (C) Correction factor to account for ruffling in the apparent membrane areas, calculated as the square

of the ratios between membrane traces from STED over the smooth plane curves from confocal microscopy. (D) Average membrane areas

from Fig. 5D, but now corrected for membrane ruffling.

Fig. 7. Quantitative estimation of the number of IL-6 molecules per exocytotic event. (A) Burst rates per cell per second of IL-6-GFP

corrected for the average total surface area of the cells assuming (left; pink) 100% secretion at the ventral membrane and (right; purple)

completely nonpolarized secretion (average � SD). (B) Estimates of the average number of IL-6 molecules secreted per exocytotic event for

100% ventral or completely nonpolarized secretion. No error bars are shown because of the large variation in IL-6 production, burst rates,

and cell surface areas among cells, donors, and vesicles that cannot be accounted for (see main text).
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vesicles. Moreover, the large spread among cells in IL-

6 production, surface area, and burst rate may lead to

large deviations in the number of IL-6 molecules per

vesicle. Thus, we fully acknowledge that our estimate

can be substantially improved in future studies and it

should only be regarded as a coarse approximation of

the number of IL-6 molecules per secretory vesicle.

Nevertheless, this is the first quantitative estimate of

the number of molecules of a cytokine in a secretory

vesicle and we believe it at least provides an order of

magnitude of on average 0.1–10 molecules of IL-6 per

vesicle. This number is surprisingly low, compared to,

for instance, the 1790 glutamate molecules present on

average in a neurotransmitter vesicle from neurons

[30] and the about 500 000 insulin molecules per vesi-

cle from pancreatic beta cells [31,32]. Our results show

that as IL-6 does not accumulate in most cells

(Fig. 2B), the exocytotic machinery is not the limiting

factor for release of IL-6, and this can assure the

rapid secretion of IL-6 following cellular activation.

The low average number of IL-6 molecules per vesicle,

combined with the finding that IL-6 does not accumu-

late in most cells, demonstrates that transcription and

translation, and not the subsequent trafficking, are the

bottleneck for IL-6 secretion for the majority of cells.

However, for the remaining minority of cells (~ 10%),

IL-6 accumulates in the Golgi showing that trafficking

is the bottleneck. A quantitative understanding of

cytokine production and release is essential for our

understanding of immune function, and may aid in

the design of new immunostimulatory or inhibitory

drugs.
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Additional Supporting Information may be found

online in the supporting information tab for this

article:
Fig. S1. Apparent surface area of dendritic cells by

phalloidin staining.

Video S1. Representative time-lapse movie of TIRF

microscopy of dendritic cell expressing IL-6-GFP.
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