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Abstract

The addition of polysialic acid to N- and/or O-linked glycans, referred to as polysialylation, is a
rare posttranslational modification mainly known to control developmental plasticity of the
nervous system. Here we show that CCR7, the central chemokine receptor controlling immune cell
trafficking to secondary lymphatic organs, carries polysialic acid. This modification is essential for
recognition of the CCR7 ligand CCL21. As a consequence, dendritic cell trafficking is abrogated
in polysialyltransferase deficient mice, manifesting in disturbed lymph node homeostasis and
unresponsiveness to inflammatory stimuli. Structure-function analysis of chemokine-receptor
interactions reveals that CCL21 adopts an autoinhibited conformation, which is released upon
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interaction with polysialic acid. Thus, we describe a glycosylation-mediated immune cell
trafficking disorder and its mechanistic basis.

Main Text

Polysialylation is a rare posttranslational modification executed by the two enzymes ST8Sia
Il and ST8Sia IV (1). These polysialyltransferases generate long a.2,8-linked linear
homopolymers of sialic acid, which are attached to N- and/or O-linked glycans (2).
Polysialylation is mainly known to control developmental plasticity of the vertebrate
nervous system via modulation of cell-cell and cell-matrix adhesions (3). Polysialic acid
(polySia) further promotes cancer growth and metastasis via largely unknown mechanisms
(4, 5) and, as such, is pursued as a therapeutic target (6). Recent evidence also suggests
various functional implications during immune responses (7—10).

We immunologically characterized mice lacking ST8Sia IV (11), the polysialyltransferase
expressed in hematopoietic cells. Under steady state conditions mutant animals showed
severely reduced cellularity of peripheral lymph nodes (LNs) (Figure 1A), and frequently
lacked small popliteal LNs (10 lymph nodes missing out of 16 analyzed). Infliction of
inflammatory stimuli failed to trigger LN swelling compared to control animals (Figure 1B).
In contrast, cellularity of the spleen was unaffected (Figure 1A), which might indicate
specific defects in lymphocyte homing to LNs. However, we could not detect polySia on the
surface of T and B cells and we did not observe any cell autonomous trafficking defects in
the lymphocyte compartment (Figure S1A, B). In contrast, polySia was readily detectable on
the surface of dendritic cells (DCs) during steady state (Figure 1C, upper panel and S1C)
and it was additionally elevated upon inflammatory stimulation (Figure 1C, lower panel).
LNs of St8sia4-deficient mice contained reduced amounts of DC subsets known to
immigrate from peripheral tissues into the LN (Fig. 1D). Although DCs constitute only
approximately 1% of cells in the LN they control LN size by instructing stromal cells to
recruit lymphocytes and maintain their homeostasis (12, 13). Hence, a reduced size of the
DC compartment might provide a potential explanation for reduced overall LN size. To test
if defective immigration from the periphery was responsible for reduced DC numbers in LNs
we performed skin-painting experiments, where endogenous DCs of the skin are mobilized
and subsequently immigrate, via the afferent lymphatic vessels, into the draining LN (14). In
St8sia4-deficient mice immigration of DCs into draining LNs was almost completely
abrogated (Figure 1E).

We next used an in vitro reconstituted system to measure the migratory potential of polySia
deficient DCs. To this end we generated DCs in vitro from bone marrow precursors. We
confirmed that control cells up-regulate polySia upon inflammatory stimulation, while
St8sia4-deficient cells differentiated normally but completely lacked polySia (Figure S1D.
When we co-injected control and St8s/ia4-deficient DCs into footpads of wildtype recipient
mice polySia-deficient DCs were completely unable to enter LNs (Figure 2A), formally
showing that polySia-dependency is cell-autonomous. We next incorporated the in vitro
generated DCs into 3D collagen gels and exposed them to gradients of the chemokines
CCL19 and CCL21 (Figure 2B). By binding to CCR7 these chemokines are required to

Science. Author manuscript; available in PMC 2017 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kiermaier et al.

Page 3

guide DCs into the draining LN (15). While the migratory response towards gradients of
CCL19 was equally efficient for control and knockout cells, polySia-deficient DCs were
completely refractory to CCL21 (Figure 2B). Similarly, signaling, as measured by Akt and
Erk phosphorylation, was largely abolished in response to CCL21, while the CCL19
triggered signal was comparable to control cells (Figure S2). Hence, polySia-deficient DCs
were capable of differentiating and migrating regularly but were selectively unresponsive
towards CCL21.

En route from the periphery into the LN CCL21 mediates two key steps: i) directed
interstitial migration towards the dermal lymphatic vessel and ii) migration from the LN’s
subcapsular sinus into the deep T cell area. To exclude any confounding effects of CCL19
we probed DC migration in Cc/19-deficient hosts. To bypass the skin and directly measure
migration within the LN we injected DCs into the afferent lymphatic vessel(16) (Figure
S3A). Within the LN, polySia-deficient DCs behaved like control cells and entered the deep
T cell parenchyma, while Ccr7-deficient DCs were unable to leave the subcapsular sinus, as
previously shown (Figure 2C (16) Next, we selectively probed migration within the skin and
co-incubated skin explants with polySia-deficient and control DCs. We found that only
control cells entered the dermal lymphatic vessels, while polySia-deficient DCs did not even
infiltrate the dermal interstitium (Figure 2D), therefore precisely phenocopying Ccr7-
deficient DCs(17). Similarly, when culturing ear-explants of St&8sia4-deficient mice, DCs
remained in the interstitium and failed to enter the lumen of lymphatic vessels as seen in
control tissue (Figure S3B). Hence, DCs require polySia to sense “dermal CCL21”, while
sensing of “LN CCL21” is polySia independent. Tissue-context specific presentation of
CCL21 might explain why T cells, which do not express polySia are able to home into LNs
of Cc/19-deficient mice (18), although they only responded to CCL19 but not to CCL21,
when exposed to soluble chemokine (Figure S3C). This prompted us to study the molecular
mechanism underlying polySia-dependent CCL21 sensing.

While the chemokine domain of CCL21 is structurally similar to CCL19 (19, 20), CCL21
carries a positively charged C-terminal extension which mediates binding to glycans, in
particular heparan sulfate residues (21). It was suggested that, via these residues, CCL21
might also interact with negatively charged polySia (9). Consequently, cell surface polySia
might act as a co-receptor and increase the local availability of CCL21 for CCR7 (22). Of
the seven proteins that were described as polySia carriers (2), only neuropilin-2 was
expressed on mature DCs (7, 23). However, in vivo and in vitro migration assays with
neuropilin-2 deficient DCs did not show any perturbed migratory responses (Figure S4A, B).
As neuropilin-2 deficient DCs still carried polySia, we immunoprecipitated polySia from
lysates of mature DCs and used mass spectrometry to identify the underlying protein
scaffold(s). This unbiased approach revealed three previously unknown putative polySia
carriers, including CCR7 (Figure S4C and table S1). CCR7 and neuropilin-2 emerged as the
only candidate molecules exposed on the cell surface.

This suggests that, apart from neuropilin-2, CCRY7 is a second polySia carrier on the surface
of mature DCs. To follow up CCRY7 as a direct target of polysialylation we employed a
HEK?293 cell system. When GFP was immunoprecipitated from lysates of cells co-
expressing a CCR7-GFP fusion protein and ST8Sia IV, polySia could be detected in the
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precipitate, while it was absent in precipitates of both single transfectants (Figure 3A). Vice
versa, precipitation of polySia revealed CCR7-GFP specifically in the double transfectants
(Figure 3B). Further biochemical and mutational analysis in HEK293 cells indicated that
polySia was attached to both N- and O-linked glycans of CCR7 since inhibition of either N-
or O-glycosylation did not fully abrogate polysialylation of CCR7 (Figure S4D and S4E). To
substantiate that CCRY7 is polysialylated in DCs, we used flow cytometry to analyze cell
surface levels of polySia in CCR7-deficient and control DCs and found reduced polySia on
CCR7-deficient cells (Figure 3C). This suggests that, apart from neuropilin-2, CCR7 is a
second carrier of polySia on the surface of mature DCs.

A co-receptor model would predict that polySia on CCR7 might bind CCL21’s C-terminus,
thereby effectively increasing receptor to ligand affinity. To test this idea we C-terminally
truncated CCL21 and performed chemotaxis assays. At odds with a co-receptor model, the
responsiveness of polySia-deficient DCs to CCL21 was restored when the chemokine was
C-terminally truncated (Figure 4A). This finding indicated that rather than enhancing CCR7
binding to CCL21, the polySia-CCL21 interaction might promote signaling by releasing
CCL21 from an otherwise inactive state. This would be consistent with an autoinhibition
model, in which the C-terminus of CCL21 induces structural alterations within the
chemokine domain that prevent signaling but can be reversed upon polySia binding.

Notably, CCL21’s C-terminus is unstructured and does not adopt a stable fold (20). We
therefore performed NMR spectroscopy to detect chemical shifts that might distinguish the
chemokine domain conformation of full length from that of C-terminally truncated CCL21.
As expected, truncation caused chemical shift changes in residues with immediate proximity
to the truncation site (Figure S5A). However, additional chemical shifts localized to the a-
helix of the chemokine domain (residues 63, 64, 66, 67, 69 and 70) and to additional
residues (26, 31, 41, 47 and 54; Figure 4B and S5A). These shift perturbations distal to the
site of truncation suggest that CCL21’s C-terminus transiently interacts with the chemokine
domain of CCL21, thereby providing a putative structural correlate of functional
autoinhibition. When polySia was titrated to full length CCL21, residues belonging to the
putative autoinhibition signature shifted to similar positions as observed in the spectra of
truncated CCL21 (Figure 4C and S5B). Hence, in the presence of polySia the chemokine
domain of full length CCL21 adopts a similar conformation as in C-terminally truncated
CCL21. PolySia binding to truncated CCL21 was considerably weaker compared to full
length CCL21, confirming interactions mainly via the C-terminus (Figure S5C). Together,
these data suggest that CCL21’s C-terminus structurally alters CCL21’s chemokine domain
most likely by transient binding and that this structural alteration is abrogated by polySia
binding to CCL21’s C-terminal extension.

To functionally challenge the autoinhibition model, we took advantage of the fact that the
polySia-insensitive chemokine CCL19 naturally lacks a C-terminal extension and produced
a recombinant chemokine with CCL21’s C-terminus transplanted to CCL19 (Figure 4D,
right panel). Chemotaxis assays revealed that control DCs responded to the chimeric
chemokine with kinetics that were more similar to CCL21 than to CCL19 (Figure 4D, left
panel). The maximal directed response of wild type DCs towards the chimera was slightly
diminished in comparison to CCL19. Most relevant, transplantation of CCL21’s C-terminus
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to CCL19 conferred polySia-sensitivity since the response of polySia-deficient DCs to the
chimeric chemokine was largely abrogated. These data corroborate a model in which
polySia releases CCL21 from an autoinhibited state by interacting with CCL21’s C-
terminus.

In summary, we describe a glycosylation-dependent immune cell trafficking defect and its
underlying molecular mode of action. PolySia-dependent release of CCL21 autoinhibition is
a mechanism of chemokine regulation that is likely to be relevant for other chemokines
containing similar C-terminal extensions. The finding that polySia dependency is restricted
to the skin, suggests that, depending on the molecular context, CCL21 can either be
presented in the auto-inhibited or the active form. The mechanism we describe also
illuminates how glycosylation of a G-protein coupled receptor allows discrimination
between two alternative ligands. Apart from being the key-coordinator of adaptive immune
cell trafficking, the CCR7-axis is also centrally involved in metastatic tumor spread,
suggesting potential therapeutic relevance of our findings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PolySia on dendritic cellsisrequired for regular lymph node homeostasis and regulates

inflammatory responses

(A) (left) Cellularity of secondary lymphoid organs in St8sia4-/-and control mice. Graphs
display total leukocyte numbers of single organs. Brachial and inguinal LNs have been
pooled as peripheral LNs (PLN). Results are depicted as averages of three independent
experiments of six different age-matched mice per genotype +SD. Differences between the
two groups were examined by two-tailed unpaired student’s t-test. (right) Representative
image of SLOs from St8sia4—/—- and control mice. (B) LPS or PBS only (-LPS) were
injected into the hind footpads of St&8sia4—/-and control mice and popliteal LNs were
analyzed 48 hours post-injection. Graph depicts average cellularity +SD of three
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independent experiments of seven animals analyzed per genotype. Differences between the
two groups were examined by two-tailed unpaired student’s t-test. (C) Flow cytometry of
polySia levels on leukocytes isolated from popliteal LNs from St8s/ia4—/-and control mice
in steady state (upper panel) and after LPS injection (lower panel). Migratory DCs are
defined as CD11c* MHCI1M9M and further classified by Langerin staining. (D) (left)
Immunohistology of inguinal LNs from St8sia4—/—and control mice. B and T cell areas are
indicated. Scale bar: 150um. (right) Quantification of Langerin intensities. Bars represent
normalized mean Langerin intensities £SD of PLNs of three different mice per genotype.
Differences between the two groups were examined by two-tailed unpaired student’s t-test.
(E) FITC painting of St&8sia4-/-and control mice. Graph depicts average values +SD of
total numbers of FITC*/Langerin* cells per organ of five different mice per genotype.
Controls are derived from non-painted ears (controlateral). Differences between the two
groups were examined by two-tailed unpaired student’s t-test.
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Fig. 2. PolySia affects CCL 21 sensing in peripheral tissues
(A) Footpad injection of TAMRA- and CFSE-labeled St8sia4-/-and control BMDCs into

wildtype recipient mice. Mice were sacrificed 48 hours post-injection and analyzed by flow
cytometry (left) and immunohistochemistry (right). Cryosections of popliteal LNs were
stained against laminin. Differences between the two groups were examined by two-tailed
unpaired student’s t-test. Scale bar: 100um. (B) (left) Single cell tracks of St8sia4-/-and
control BMDCs migrating within 3D collagen matrices towards CCL19 and CCL21
gradients (0.33uM/gel). Average velocities £SD and directionality are indicated for each
genotype and condition. (right) Automated analysis of y-directed velocities of DC migration
in 3D collagen gels. Graphs depict average speed in y-direction £SD over time of eight
independent experiments with cells isolated from at least three different mice. (C)
Intralymphatic injection of TAMRA-labeled St&sia4-/-, control or Ccr7-/-BMDCs into
Ccl19-/-recipient mice. 10 hours post injection popliteal LNs were stained against laminin
to visualize LN architecture (parenchyma and cortical sinus). Graph depicts average
migratory distance £SD of TAMRA™* DCs from the LN edge to parenchyma (at least five
mice per group). Differences between the two groups were examined by two-tailed paired
student’s t-test. Scale bar: 250 um. (D) (left) z-stack projection of wildtype ear sheets
incubated with St&sia4-/-and control BMDCs and stained against LYVELX. (right)
Quantification of cells inside lymphatic vessels. Bars indicate average values +SD of five
different fields per view of three independent experiments. Differences between the two
groups were examined by two-tailed unpaired student’s t-test. Scale bar: 100um.
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Fig. 3. CCR7 ispolysialylated on mature dendritic cells
(A) Pull down of CCR7-GFP from HEK?293 cells co-transfected with murine Ccr7-gfpand

St8sia4 plasmids. CCR7-GFP was immunoprecipitated with a-GFP-coupled magnetic beads
(upper panel) and polySia detected with monoclonal antibody 735 (lower panel). Input
represents 1/10 of total cell lysate. (B) Pull down of polysialylated proteins from HEK293
cells co-transfected with murine Ccr7-gfp and St8sia4 plasmids. Polysialylated proteins
were immunoprecipitated with iEndoN-coupled magnetic beads (upper panel) and CCR7-
GFP detected using a-GFP antibody (lower panel). Input represents 1/10 of total cell lysate.
(C) Flow cytometry of polySia cell surface levels on mature CD11c* MHCI1M9" BMDCs.
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Fig. 4. Identification of an autoinhibitory interaction site within CCL21
(A) Migration of mature BMDCs within 3D collagen gels towards truncated CCL21

(CCL21trunc). All graphs depict average speed in y-direction £SD over time of 8
independent experiments with cells generated from at least three different mice. (B) (left)
Overlays of a portion of the 15N-1H HSQC spectra of CCL21-FL 1-111 (black) and
CCL21trunc 1-79 (purple). (right) The first 79 amino acids of the CCL21-FL structure are
depicted with residues showing significant changes in chemical shift perturbations upon
truncation. Red circle indicates putative autoinhibitory site. (C) (left) Overlays of a portion
of the 15N-1H HSQC spectra of CCL21-FL 1-111 (black) and CCL21-FL titrated with
increasing concentrations of polySia DP9 (grays to cyan). (right) Residues within CCL21-
FL with significant polySia induced chemical shift perturbations are colored cyan. (D)
(right) Schematic representation of chemokines used for /in vitro migration assays. FL: full
length. (left) Migration of mature BMDCs towards the chimeric chemokine.
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