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Chemokines and their receptors play a critical role in immune function
by directing cell-specific movement. C-C chemokine receptor 7 (CCR7)
facilitates entry of T cells into lymph nodes. CCR7-dependent
chemotaxis requires either of the cognate ligands C-C chemokine
ligand 19 (CCL19) or CCL21. Although CCR7-dependent chemotaxis
can be augmented through receptor up-regulation or by increased
chemokine concentrations, we found that chemotaxis is also mark-
edly enhanced by serum in vitro. Upon purification, the serum
cofactor activity was ascribed to domain 5 of high-molecular-weight
kininogen. This peptide was necessary and sufficient for accelerated
chemotaxis. The cofactor activity in serum was dependent on coag-
ulation factor XIIa, a serine protease known to induce cleavage of
high-molecular-weight kininogen (HK) at sites of inflammation.
Within domain 5, we synthesized a 24-amino acid peptide that could
recapitulate the activity of intact serum through a mechanism distinct
from up-regulating CCR7 expression or promoting chemokine binding
to CCR7. This peptide interacts with the extracellular matrix protein
thrombospondin 4 (TSP4), and antibodies to TSP4 neutralize its
activity. In vivo, an HK domain 5 peptide stimulated homing of both
T and B cells to lymph nodes. A circulating cofactor that is activated at
inflammatory foci to enhance lymphocyte chemotaxis represents a
powerful mechanism coupling inflammation to adaptive immunity.
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Chemotaxis is directional movement in response to a specific
chemical gradient and is necessary for immune homeostasis

and inflammatory response, among other critical biologic processes
(1). Numerous chemokines, along with their cognate receptors,
provide a molecular mechanism to orchestrate chemotaxis of dis-
tinct cell types to diverse stimuli (2). C-C chemokine receptor 7
(CCR7) and its ligands, C-C chemokine ligand 19 (CCL19) and
CCL21, comprise a signaling axis required for homing of T cells into
and within lymphoid organs, as well as the movement of B cells and
dendritic cells (3). CCR7-mediated chemotaxis is important in de-
veloping adaptive immunity, in addition to maintaining tolerance
and memory (4). Alternatively, this physiologic mechanism of lymph
node entry can be coopted by malignancies; tumor CCR7 expres-
sion is associated with greater metastatic potential and increased
mortality (5, 6). In chronic disease, ectopic production of CCL19/21
from tertiary lymphoid structures within sites of inflammation re-
tains immune cells in peripheral tissue, accelerating the progression
of conditions such as multiple sclerosis, rheumatoid arthritis, and
atherosclerosis (7–10). Thus, a deeper understanding of molecular
regulators of CCR7–CCL19/21 chemotaxis would inform the ther-
apeutic approach to a wide spectrum of diseases.
Chemokines are broadly grouped as homeostatic or inflammatory

(11). For the latter, acutely increasing production is often sufficient
to coordinate a chemotactic response. For homeostatic chemokines,
such as CCL19/21, signal modulation occurs chiefly by altering re-
ceptor density or available ligand concentration. This effect can be
achieved either by increasing receptor expression or by reducing
available ligand concentration by atypical chemokine receptors (12).
For instance, exposure to lipopolysaccharide (LPS) or prostaglandin
E2 up-regulates CCR7 expression, and ACKR4, an atypical che-

mokine receptor, can scavenge CCL19/21 (13). Currently, there are
no known humoral cofactors that regulate migration in response to
CCL19/21 independent of receptor or ligand availability. We ob-
served an enhanced chemotactic response of T cells to CCL19/21 in
the presence of serum. The serum cofactor activity for CCR7 che-
motaxis was purified and identified as a peptide derived from high-
molecular-weight kininogen (HK). This abundant plasma protein
has a well-known role in inflammation, particularly as the parent
molecule of the nonapeptide bradykinin, and HK cleavage products
have been shown to modulate angiogenesis and endothelial cell
migration (14). We demonstrate that serum-accelerated chemotaxis
is dependent on active coagulation factor XII (FXIIa), the canonical
initiator of the contact activation system that is generated at
inflammatory foci and promotes cleavage of HK (15). Our
findings present a role for HK in lymphocyte chemotaxis and
provide the basis for a paradigm of regulating immune cell
chemotaxis through a humoral cofactor.

Results
Serum Fractionation Identifies an HK-Derived Peptide as a Chemotactic
Cofactor. While interrogating CCR7/CCL19-dependent chemotaxis,
we observed a more than fourfold increase in cell migration in the
presence of serum (Fig. 1). Initial characterization of serum activity
showed that it was thermolabile and could be inhibited by EDTA,
implicating a protein and a metal cation (Fig. 1B). Additionally, this
cofactor activity was evolutionarily conserved—sera from other
mammalian species also elicited a robust increase in human T-cell
migration in response to human CCL19 (Fig. 1B). We therefore
sought to identify the cofactor responsible for promoting chemotaxis.
Fast protein liquid chromatography (FPLC) was used to isolate,

identify, and characterize the putative migration cofactor. Pre-
liminary studies demonstrated large increases in specific activity
after cation exchange chromatography. A second observation was
that serum treated with 8 M urea decreased the apparent molecular
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mass of the cofactor from ∼250 to ∼60 kDa. These findings led to
two parallel purification strategies using multistep column chro-
matography (Tables 1 and 2). For the first algorithm (scheme 1),
size exclusion was performed after urea treatment, whereas for the
second algorithm (scheme 2), size-exclusion chromatography was
initially used to isolate the larger form of the cofactor, followed by

urea denaturation and repeat size-exclusion to capture the lower-
molecular-mass form. Schemes 1 and 2 resulted in active fractions
with specific activities >5,000-fold and >1,000-fold higher than the
initial serum input, respectively. Mass-spectrometry analysis of
these fractions identified an overlapping set of candidate proteins
for the chemotactic cofactor (Fig. 2).

MEDIA
LIGAND
ALONE

LIGAND
+ SERUM

A

B

Buffer + + + + + + +
CCL19 + + + + + +
Human Serum + + +
Mouse Serum +
Bovine Serum +
Heat-treated +
EDTA +

*

*
*

**

Fig. 1. Serum enhances CCR7-dependent chemotaxis. (A) Direct visualization by fluorescence microscopy of the transwell insert as viewed from the lower
chamber after 1 h, showing enhanced chemotaxis in the presence of serum (2%; bottom chamber). (B) Quantification of migrating cells. *P < 0.05; **P <
0.01. Pretreatment of serum with EDTA (2 mM) or heat (65 °C for 30 min) abolished chemotactic activity; sera (4%; bottom chamber) from various
mammalian species accelerated chemotaxis.

Table 1. FPLC purification scheme 1

Purification step
Protein output

active fraction, mg Specific activity, units/mg Cumulative yield

Serum 240,000 4.3 1
Cation exchange 220 196 0.0418
Anion exchange 30 525 0.0153
Urea and size exclusion 1.4 2,160 0.0029
Cation exchange 0.01 22,400 0.0002
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From these proteins, HK emerged as a likely candidate for several
reasons. First, HK (120 kDa) circulates in plasma associated pre-
dominantly with prekallikrein (86 kDa). At sites of inflammation, a
proteolytic cascade is initiated by (auto)activation of FXII to FXIIa
which subsequently activates the zymogen prekallikrein to kallikrein,
resulting in HK cleavage to yield bradykinin and other bioactive
peptides (Fig. 3A) (16). Furthermore, five of six HK-derived pep-
tides identified by mass spectrometry in the primary purification
mapped to domain 5 (D5) within HK (Fig. 3A). D5 is known to bind
cell surfaces and initiate signal transduction in a zinc-dependent
manner, consistent with the inhibitory effect of EDTA (17). Finally,
serum genetically deficient in HK was devoid of accelerated CCR7/
CCL19 chemotactic activity (Fig. 3B). For other candidates, we
tested the ability of purified proteins to accelerate chemotaxis in
response to CCL19, but were unable to detect significant activity.
Although it is possible that a subdomain of one or more of the other
candidates may have chemotactic activity, we focused on HK and
showed that a D5 peptide was capable of stimulating chemotaxis.

HK-Derived Peptides Are Necessary and Sufficient for Accelerated
CCL19 Chemotaxis and Bind to Thrombospondin-4. Intact HK did
not have any effect on CCL19-dependent migration. However, bio-
active HK cleavage products are generated by the contact system of
inflammation in vivo, particularly at sites of inflammation (18). HK is
processed by kallikrein to release the nonapeptide bradykinin, with
resultant production of two-chain HK (HKa), although HKa, too,
was ineffective at accelerating CCL19-dependent chemotaxis (Fig.
3B). We therefore decided to further investigate putative cleavage
products of HK for chemotactic activity. As suggested by the D5-
specific peptides detected by mass spectrometry, recombinant human
D5 was sufficient to enhance chemotaxis (Fig. 3B). Consistent with
prior studies of D5 surface-binding characteristics, zinc was nec-
essary for accelerated chemotaxis. Using synthetic peptides to

survey subdomains within human D5, we identified the 24-mer
oligopeptide spanning HK residues histidine-497 through lysine-
520 (H497–K520) as sufficient for enhanced chemotactic activity, as
were other peptides within D5 (Fig. 3A and Fig. S1). Moreover,
H497–K520 accelerated chemotaxis in a dose-dependent manner
(Fig. 3C). H497–K520 is lysine-rich (9 of 24 residues), which may
account for why it was not directly identified by mass spectrometry
performed after trypsin digestion.
Using checkerboard-style analysis, we observed that, compared

with CCL19 alone, there was no increase in migration with H497–K520
alone, irrespective of a H497–K520 gradient (Fig. 4). Furthermore, in
the presence of CCL19, the cofactor activity requires a CCL19 gra-
dient, but is independent of an H497–K520 gradient. Thus, this HK-
derived peptide is not independently chemotactic or chemokinetic,
but robustly increases chemotaxis toward a CCL19 gradient, regard-
less of its spatial distribution.
Prior studies have shown that D5 binds various cell surface

receptors, including the urokinase receptor (UPAR), the globular
head of the C1q receptor (gC1qR), and cytokeratin 1 (CK1) (19).
We tested the ability of antibodies directed against these receptors
to block the ability of H497–K520 to accelerate migration, but found
no inhibitory effect. To identify potential receptors in an unbiased
manner, we used ligand–receptor capture (LRC-TriCEPS) tech-
nology as a tool for detecting T-lymphocyte surface proteins that
physically interact with H497–K520 (Fig. 5A) (20). Transferrin was
used as a control ligand to eliminate nonspecific interactions with
the TriCEPS reagent. Additionally, to control for nonspecific
binding to H497–K520, TriCEPS coupled to H497–K520 was studied
in the presence and absence of zinc. Analysis of captured peptides
led to several candidate proteins, with thrombospondin-4 (TSP4)
present in both analyses as the most enriched compared with both
the transferrin and “no zinc” controls (Fig. 5B). The abundance of
TSP4 isolated in the presence of H497–K520 and zinc was >80-fold

Table 2. FPLC purification scheme 2

Purification step
Protein output

active fraction, mg Specific activity, units/mg Cumulative yield

Serum 80,000 4.3 1
Cation exchange 73 196 0.0418
Ig depletion (Protein G) 55 225 0.0360
Size exclusion 6 532 0.0093
Urea and size exclusion 0.06 4,410 0.0007

Coagulation Factor V
Alpha-1-microglobulin
Prothrombin
Coagulation Factor XII
Kininogen 2 (HK)
Compl. Factor I analog
Selenoprotein P

Platelet Factor 4
Beta-2-glycoprotein 1
Pigment epithelium-

derived factor
Tetranectin
LPS-binding protein
Phospholipase A1
Gelsolin
Thrombospondin-1
Complement C2
Complement C8B

Apolipoprotein A-I
Albumin
Vitamin D binding protein
Complement Factor H
Alpha-1-acid glycoprotein
Apolipoprotein A-IV
Hyaluronan-binding protein 2
Antithrombin III
Transferrin
Complement C1qb
Inter-alpha trypsin inhibitor
Insulin-like growth factor II
Apolipoprotein E

Fig. 2. Venn diagram of protein candidates from mass-spectrometry analyses. The most abundant proteins in fraction with the highest specific activity from
the primary purification (solid) and proteins present in active fraction from the secondary purification scheme (dashed) are shown.
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higher than without H497–K520 or without zinc. Indeed, antibodies
directed against TSP4 significantly blunted accelerated chemotaxis
in response to H497–K520 (Fig. 5C). Voltage-dependent anion
channel 2 (VDAC2) was also identified as significantly enriched
compared with both controls, although antibodies directed against
VDAC2 did not have an effect on accelerated chemotaxis.
To investigate whether H497–K520-accelerated chemotaxis

was due to altered chemokine or receptor availability, we first

evaluated its effect on intracellular calcium flux, a rapid in-
dicator of chemokine binding. CCL19 is able to induce in-
tracellular calcium flux independent of H497–K520 (Fig. 5D).
Furthermore, H497–K520 has no effect on calcium flux alone,
nor does it enhance calcium flux in combination with CCL19.
Thus, although it can accelerate CCR7-mediated chemotaxis,
H497–K520 does not appear to function by facilitating the pre-
sentation of ligand to CCR7. This finding is further supported by

A

B C

Fig. 3. HK-derived peptides are sufficient for chemotaxis. (A) Schematic of contact system activation, driven by activation of FXII with subsequent reciprocal
activation of FXII and prekallikrein, and ultimately kallikrein cleavage of HK to liberate bradykinin (BK). Domain 5 (D5) of HK is conserved at the protein level
among human, bovine, and mouse species (* indicates amino acid identity, and † denotes biochemical similarity). Peptides within D5 identified by LC-MS/MS
(boxed) and synthetic peptides used in subsequent studies (bold) are shown. (B) Chemotaxis after 1 h in response to HK-null sera (5%), HKa (2 μM), D5 (2 μM),
or synthetic peptide H497–K520 (2 μM) in the presence or absence of zinc (75 μM). *P < 0.01; **P < 0.001. (C) Dose–response of accelerated chemotaxis after 1 h
with H497–K520. *P < 0.01; **P < 0.001.
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the absence of CCR7 in the candidate T-cell surface proteins
that interact with H497–K520. Moreover, H497–K520 does not in-
crease receptor expression of CCR7 (Fig. 5E). Because throm-
bospondins are adhesive glycoproteins, we tested the effect of
H497–K520 in an adhesion assay (Fig. 5F). The HK-derived peptide
significantly decreased T-cell adhesion to several extracellular
matrix (ECM) proteins.

FXIIa Activity Is Required for Serum-Accelerated Chemotaxis. Because
of its primacy in contact system activation, and hence HK cleav-
age, we tested the role of FXII in accelerated CCR7 chemotaxis.
FXII-null plasma was unable to enhance chemotactic activity, as
was normal plasma treated with the FXIIa-specific antagonist corn
trypsin inhibitor (CTI; Fig. 6). H497–K520 rescued the inhibitory
effect of CTI treatment (Fig. 6), consistent with H497–K520 alone
being sufficient to accelerate chemotaxis toward CCL19. Although
FXIIa initiates the intrinsic coagulation cascade via activation
of factor XI, FXIIa-accelerated chemotaxis is independent of
downstream mediators of clotting, because augmented chemotaxis
was preserved in factor XI-null plasma. (Fig. 6). These studies
indicate that HK-derived chemotactic peptides are not preformed
to a significant degree in plasma. In addition, their generation is
dependent on FXIIa.

HK-Derived Peptides Promote Migration of Native Murine Lymphocytes
both in Vitro and in Vivo. To test whether HK-derived peptides were
relevant under more physiologic conditions, we first determined
whether an analogous murine peptide accelerated chemotaxis of
native murine lymphocytes. The 24-mer oligopeptide correspond-
ing to a region within D5 of murine kininogen (murine H517–R540)
potentiated the migration of murine lymphocytes in response to
CCL19 and CCL21 (Figs. 3A and 7A).
A major physiologic role for CCL19/21 is to chemoattract T cells

into lymphoid tissue. Correspondingly, the murine plt mutation is
the deletion of the Ccl19 and Ccl21a loci, resulting in paucity of
lymph-node T cells (21). Thus, murine H517–R540 would be pre-
dicted to increase the rate of entry of T cells from the periphery
into lymph nodes by augmenting the in vivo response to CCL19/21.
Indeed, treatment of lymphocytes with H517–R540 ex vivo, followed
by adoptive transfer, resulted in significantly greater accumulation

of donor T cells in recipient lymph nodes, compared with treat-
ment with vehicle alone (69% increase vs. control; P < 0.01; Fig.
7B). There was also greater accumulation of donor B cells, al-
though to a lesser degree than for T cells (33% increase vs. control;
P < 0.01 vs. control and P < 0.05 in comparison with T cells),
supporting a T-cell–dominant effect of the HK peptide.

Discussion
Peptides derived from the abundant plasma protein HK are novel
cofactors for chemotaxis toward CCL19/21. HK-derived peptides
are necessary and sufficient to mimic the effect of serum for
accelerated chemotaxis and interact with cell surface TSP4. In
plasma and sera, FXIIa activity is also required. An HK-derived
peptide can also accelerate homing of native lymphocytes to lymph
nodes, demonstrating the in vivo relevance of this novel mode of
accelerating chemotaxis. As derivatives of contact system activa-
tion, these peptides localize chemotactic cofactor activity to foci of
inflammation. Therefore, this cofactor mechanism delineates a
distinct contribution of inflammation and coagulation to CCL19/
21-dependent chemotaxis and provides a molecular basis for dis-
tinguishing and targeting accelerated vs. homeostatic chemotaxis.
CCL19 and CCL21 are produced by lymphoid organs to

maintain homeostatic flux. As constitutively expressed che-
mokines, they permit a basal level of immune-cell movement
through lymphoid tissue. The primary mechanism for increasing
cellular responsiveness to this axis is through up-regulation of
CCR7 expression, which is transcriptionally regulated (22). Our
discovery of HK-derived peptides as chemotactic cofactors in-
troduces a plausible mechanism of rapidly accelerating chemo-
taxis independent of altering CCR7 expression or levels of
CCL19/21. Because the HK-derived peptides are not chemo-
tactic themselves, but show strong chemokinetic properties in the
presence of CCL19/21, exposure of immune cells to an HK
peptide would be sufficient to accelerate migration of these cells
along a basal CCL19 gradient. In this way, focal production of
HK-derived peptides provides a mechanism for acutely acceler-
ating the migration of immune cells from sites of inflammation
to lymphoid organs. Furthermore, these cofactor peptides can be
generated in minutes and do not rely on de novo transcription or
protein synthesis. Local concentrations of HK-derived peptides

TOP CCL19 +
H497-K520 + +

BOTTOM CCL19 +++
H497-K520 + +

*
*

NS

NS

Fig. 4. Checkerboard analysis. No enhanced migration after 1 h with H497–K520 in the absence of CCL19, with marked synergy in the presence of CCL19,
irrespective of the H497–K520 gradient. *P < 0.001. NS, not significant.

Ponda and Breslow PNAS | Published online October 24, 2016 | E7063

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

PN
A
S
PL

U
S



could increase severalfold with inflammation and, by potentiat-
ing chemotaxis, provide another mechanism for coupling adap-
tive immunity to inflammation.

As the parent molecule of bradykinin, HK has a known role in
inflammation. However, bradykinin represents a mere 9 of HK’s
626 amino acids, and other domains within HK participate in in-

A

Covalent linkage 
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Human HK 
Peptide H497-K520

Purification
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Human H497-K520 vs. Transferrin 
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Human H497-K520 with Zn++ vs.
Human H497-K520 without Zn++
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+/- CCL19 
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CCL19
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TSP4
FA10

VDAC2DSG1

LGALS1

DBNL
HCLS1

DSC1
TSP4

CD44

VDAC2

CXCR4

CATC

SF3A3

ITM2A

ITA4

Fig. 5. H497–K520 binds to TSP4 and does not function through enhanced calcium flux or by altering CCR7 expression. (A) Schematic of TriCEPS ligand-capture
reagent functional groups. (B) Enrichment plots of proteins captured with H497–K520 vs. transferrin (Left) or H497–K520 in the presence or absence of zinc (Right).
(C) Chemotaxis assay with anti-TSP4 antibodies showing blunted acceleration compared with H497–K520 alone or isotype control. (D) T cells labeled with the
calcium indicator fluo-4 were treated with CCL19 (600 ng/mL), H497–K520 (2 μM), the combination of the two, or buffer (HBSS/Hepes without calcium or mag-
nesium). Results were indexed to the initial baseline measurements. (E) CCR7 surface expression determined by flow cytometry for untreated (green) or H497–K520

(2 μM)-treated (red) cells. (F) Adhesion assay with T cells incubated for 3 h with buffer alone, CCL19 (600 ng/mL), or H497–K520 (4 μM). Detection of adherent cells
that remained after washing was determined by fluorescence. *P < 0.05; **P < 0.001.
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flammatory effector pathways. Peptides from HK domains 3 and
5 stimulate monocyte cytokine production and inhibit neutrophil
and monocyte adhesion (16, 23, 24). Consistent with these proin-
flammatory roles, our data demonstrate that D5 and peptides from
within D5 promote T-cell chemotaxis, while decreasing T-cell ad-
hesion. The requirement for zinc imparts selectivity for this path-
way to operate at sites of inflammation. Plasma zinc concentrations

are <10 μM, although free zinc levels can rise 10-fold when zinc
is released by activated platelets and lymphocytes (25). In this
way, zinc serves as a requisite second signal for HK-derived pep-
tides to accelerate CCR7-mediated chemotaxis. Zinc also enhances
autoactivation of FXII, which would increase the generation of HK
peptides (26). However, neither zinc nor HK cleavage is necessary
for basal chemotaxis, such as that required for immunosurveillance.

A

Buffer + + + + + +
mCCL19 + +
mCCL21 + +
Murine HK peptide 
H517-R540

+ + +

*

*

**
** B

P < 0.01

P < 0.01

*

T-cells B-cells
Fig. 7. Native murine lymphocytes respond to murine HK in vitro and in vivo. (A) Murine lymphocytes demonstrated accelerated chemotaxis toward murine
CCL19 or CCL21 in the presence of H517–R540 (6 μM), a peptide corresponding to a similar region within domain 5 of murine HK (1.5 h), but not to H517–R540 alone.
*P < 0.05; **P < 0.001. (B) Murine lymphocytes were fluorescently labeled and incubated with H517–R540 (8 μM) or vehicle (HBSS with 75 μM Zn) for 30 min, and
injected into recipient mice (1 × 107 cells per animal). More donor cells were recovered from lymph nodes of mice that received H517–R540-treated lymphocytes vs.
vehicle controls. The increased number of recovered donor cells shows a significantly greater proportion of donor T cells (CD3+CD19−) vs. B cells (CD19+CD3−) in
recipient lymph nodes. *P < 0.05. Data were pooled from three independent experiments (n = 3 animals per group for each experiment).

CCL19 + + + + + + +
Normal Plasma + +

CTI ++
FXII null Plasma +
FXI null plasma +

FXIIa +
H497-K520 +

**

**

**

*

Fig. 6. The role of FXIIa in HK-accelerated chemotaxis. The FXIIa-specific antagonist CTI (3 μM) inhibits accelerated chemotaxis. Similarly, the absence of FXII,
but not FXI (2.5% plasma), prevents accelerated chemotaxis. FXIIa alone has no effect on chemotaxis, whereas H497–K520 accelerates chemotaxis in the
presence of CTI. *P < 0.01; **P < 0.001.
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This distinction between homeostatic chemotaxis and inflammation-
driven chemotaxis offers insight into controlling overactive immunity
while minimizing immunosuppression.
FXIIa initiates several proinflammatory cascades, including

thrombosis and complement activation, in addition to kallikrein
activation and bradykinin generation, although FXII activation
does not necessarily lead to clotting (27). Although FXIIa and
kallikrein reciprocally activate each other, FXII has been accorded
the primary role in contact system activation because it can
autoactivate and is also activated by several biologic stimuli, in-
cluding misfolded proteins, LPS lipid A, and negatively charged
surfaces, such as polyphosphates released by platelets at sites of
vascular injury (28–30). Indeed, FXIIa can directly cleave HK and
release bradykinin independent of kallikrein (31). Furthermore,
studies of the FXII knockout mouse demonstrate that virtually all
of the bradykinin produced as a result of contact activation is de-
pendent on FXII (32). At foci of inflammation that ectopically
produce CCL19/21, HK cleavage triggered by FXII activation may
lead to enhanced recruitment of effector T cells and worsening
disease progression. Enhanced T-cell chemotaxis can be a prom-
inent feature of pathologic states, such chronic inflammation
and autoimmune disease (33, 34). In fact, for several diseases, such
as rheumatic disease, neuroinflammation, and atherosclerosis,
CCL19/21 in afflicted sites promotes T-cell recruitment into tissue
(7–9). In this context, FXIIa activity may be a modulator of im-
mune-mediated disease activity, although convincing human data
are lacking (35). Genetic deficiency of FXII is rare, and little is
known about the resultant immune phenotype, although there are
no reports of associated immunodeficiency.
TSP4 is a member of the thrombospondin family, comprising

ECM proteins that participate in cell–cell and cell–ECM signaling
(36). TSP4 itself is required for cell adhesion and migration of di-
verse cell types, including neurons and vascular smooth muscle cells
(37, 38). Accordingly, TSP4 has been implicated in vascular in-
flammation and atherogenesis, acting at least in part by promoting
macrophage recruitment into the neointima (39). Indeed, a mis-
sense, gain-of-function TSP4 variant (A387P) was associated with
coronary artery disease in two cohorts (40, 41). Although a role for
TSP4 in lymphocyte biology has not been reported, it does interact
with integrins and CD44 (42, 43). These widely expressed proteins
are common mediators of cell migration and adhesion with well-
described roles in T-cell trafficking (44). We identified TSP4 using
an unbiased screening approach targeting physical interactions.
Known receptors for D5, including UPAR, CK1, and gC1qR, were
absent from the list of candidate proteins using this method. This
finding suggests that D5 may achieve diverse effector functions by
signaling through an equally diverse repertoire of cellular receptors.
With this finding, several new questions have arisen that will

require further study. The molecular mechanism by which extra-
cellular HK peptides transduce their signal to accelerate cell mi-
gration requires further elucidation. In terms of cell specificity, we
observed that T cells have a stronger response than B cells, and
within these two lymphocyte classes, certain subsets may respond
more vigorously than others. In a similar way, other CCR7-
expressing cells, aside from lymphocytes, may exhibit accelerated
chemotaxis in response to HK-derived peptides. Beyond CCR7,
HK-derived peptides may accelerate chemotaxis for other che-
mokine systems as well. H497–K520 does not promote ligand binding
to CCR7, as we showed with calcium flux studies. Therefore, the
peptide’s action may be synergistic to, although distinct from,
CCR7 signaling. In this way, H497–K520 signaling may be synergistic
to migration along other chemokine gradients. Finally, to establish
the in vivo relevance of this pathway, our ex vivo stimulation
with H517–R540 enhanced lymph node homing, although the role of
HK-derived peptides would be more definitively exemplified in an
inflammatory model where HK peptides were generated in vivo.
Despite our evolving understanding, the need to mitigate

morbidity and mortality from diseases associated with chronic

inflammation remains significant (45). Regimens for treating im-
mune-mediated diseases can have limited clinical utility—not
from lack of efficacy, but because of immunosuppression. From
this perspective, our finding of a humoral cofactor that regulates
chemotactic activity distinct from chemokine binding to its re-
ceptor offers an additional target mechanism of action. For HK
cleavage in particular, antagonizing FXIIa or neutralizing the in-
teraction between D5 and TSP4 to modulate chemotaxis may
confer specificity to pathologic sites of inflammation rather than
interfere with homeostatic immune cell flux into lymphoid organs.
These strategies would be more effective in preserving immuno-
surveillance than the current standard of care, such as glucocor-
ticoids, which nonspecifically dampen immunity and have myriad
off-target toxicities. Conversely, an agonist modeled after human
H497–K520 to accelerate immune-cell chemotaxis may also hold
promise for augmenting an immune response in immunocom-
promised individuals or to improve vaccine efficacy. Although
much is known about the role of chemotactic axes in health and
disease, there remains an unmet medical need to more precisely
manipulate these systems, with potential for both antagonist and
agonist approaches in the context of a chemotactic cofactor.

Materials and Methods
Cell Culture. CCRF-CEM cells (ATCC) were maintained in RPMI 1640 sup-
plemented with 25 mM Hepes and 10% (vol/vol) FBS (ATCC) at 37 °C with
5% (vol/vol) CO2. This cell line is an acute human T-cell lymphoblastic
leukemia line with high levels of endogenous CCR7 expression (22).

Chemotaxis Assay. Cells were labeled with 2.5 μM calcein-AM (Invitrogen) at
37 °C for 30min, washed, and suspended to a concentration of 1 ×106 cells permL
in RPMI 1640 supplemented with 25 mM Hepes (Life Technologies). A total
of 250 μL was seeded into FluoroBlok (Corning) 3-μm porous inserts, which
served as the upper chamber of a Boyden assay within a 24-well plate. The lower
chamber contained 750 μL of HBSS (Life Technologies) with Hepes (25 mM),
CCL19 or CCL21 (600 ng/mL; PeproTech), 0.1% BSA (Sigma-Aldrich), and zinc
chloride (75 μM; Sigma-Aldrich), unless otherwise indicated. For direct visuali-
zation of migrating cells, imaging of the underside of the insert was performed
by using a Zeiss Axiovert 200 inverted fluorescent microscope with digital im-
ages captured with AxioVision software. We chose 1 h as the time point for
evaluation, when >98% of migrating cells remained adherent to the membrane
insert and had not passed into the lower-chamber solution.

To facilitate evaluation of multiple conditions simultaneously during serum-
fractionation studies, we adapted the transwell assay to permit real-time, con-
tinuous fluorimetric monitoring of migrating cells using a plate reader (Fig. S2A),
where migrating cells could be quantified and fraction activity assessed by the
rate of change in fluorescence over time. Fluorimetric measurements were made
with an excitation wavelength of 485 nm and detection wavelength of 520 nm
by using a SpectraMax M2e microplate reader (Molecular Devices), preheated to
37 °C. Kinetic curves were generated by using SoftMax Pro software. This
method demonstrated an increase in signal with ligand in the presence of serum
(Fig. S2B). We confirmed that the increase in fluorescence detected by the
fluorimeter represented cells that were adherent to the underside of the
transwell membrane.

Chromatography. Adult bovine serum (Sigma-Aldrich) was used for the initial
input. Samples were injected into the following columns (all from GE
Healthcare) as part of an AKTA Purifier apparatus (GE Healthcare) maintained
at 4 °C: Superdex 200 (gel filtration); MonoQ (anion exchange); HiLoad
Sepharose SP or MonoS (cation exchange); and HiTrap Protein G (Ig depletion).
For gel filtration, columns were equilibrated with HBSS/Hepes (25 mM). For
anion exchange, samples underwent buffer exchange into Tris (20 mM; pH 8.1)
and NaCl (25 mM). Gradient or stepwise elution was performed with in-
creasing NaCl concentrations (0–400 mM) of Tris-buffered (20 mM; pH 8.1)
saline. For cation exchange, samples underwent buffer exchange into Hepes
(25 mM; pH 7.4) and sodium chloride (25 mM). For input sera undergoing
cation exchange, no buffer exchange was performed, and only Hepes (25 mM)
was added before running the sera into the column. Gradient elution was
performed with Hepes-buffered (25 mM; pH 7.4) saline (0–400 mM). Fractions
were concentrated by using an Amicon Ultra centrifugal filter unit with a
molecular mass cutoff of 10 kDa, and desalted into HBSS with Hepes (25 mM)
using a HiTrap Desalting column (GE Healthcare) before testing activity in the
chemotaxis assay.
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Mass Spectrometry. Select fractions, based on chemotactic activity, were
submitted to The Rockefeller University Proteomics Resource Center. Proteins
in solution were reduced by adding 10 mM DTT (Sigma-Aldrich) in 1 M
triethylammonium bicarbonate (Sigma-Aldrich). After incubation for 30 min
at 57 °C, proteins were alkylated by adding 20 mM iodoacetamide (Sigma-
Aldrich). Proteins were trypsinized (Promega) overnight at 37 °C. Digestions
were halted with formic acid, followed by desalting and concentration using
Empore C18 (3 M) StAGE tips (46). Tryptic peptides were analyzed by liquid
chromatography (LC)-tandem mass spectrometry (MS/MS): Q-Exactive or
Orbitrap XL (Thermo), both connected to nano-LC (Dionex NCP3200RS LC
setups; Thermo). A 75-μm × 12-cm (3-μm particles) C18 reversed-phase col-
umn (Nikkyo Technos) was used to resolve the peptides. The analytical
gradient was generated at 200 nL/min, increasing from 5% solution B (0.1%
formic acid in acetonitrile)/95% solution A (0.1% formic acid) to 45% solu-
tion B/55% solution A over 45–75 min, followed by column wash with 90%
solution B/10% solution A. All LC-MS/MS experiments were performed in
data-dependent (nontargeted) mode.

LC-MS/MS data were processed with ProteomeDiscoverer (Version 1.4;
Thermo) and Mascot (Version 2.3) and queried against Uniprot’s Complete
Bovine proteome protein database (January 2013) annotated for common
contaminants (47). Precursor mass accuracy of 20 ppm was used, and fragment
ion mass tolerance of 0.5 Da and 20 mDa were used for Orbitrap XL and
Q-Exactive data, respectively. All cysteines were considered as alkylated with
acetamide. Oxidation of methionine and protein N-terminal acetylation were
chosen as variable modifications. Matched peptides were filtered by using a
Percolator-based false discovery rate of 1% or better (48). The average area of
the three most abundant peptides for a matched protein was used to gauge
protein amounts within and in-between samples (49).

TriCEPS Ligand-Receptor Capture. The TriCEPS reagent is a proprietary tri-
functional molecule with three key moieties: (i) an amine-reactive group ca-
pable of binding a peptide ligand of interest, (ii) a cross-linking group capable
of bonding to oxidized glycans, and (iii) an affinity tag for downstream ex-
traction (20, 50). These studies were performed by DualSystems Biotech.
Briefly, either human H497–K520 or transferrin was coupled to the TriCEPS re-
agent. The TriCEPS–ligand complex was added to CCRF-CEM cells in complete
medium in the presence or absence of zinc (100 μM), after treatment with an
oxidizing reagent to oxidize surface glycoproteins. Cells were then lysed and
processed as described, including LC-MS/MS analysis of captured peptides (20).
Comparisons between conditions were made in triplicate to determine the
relative fold enrichment of a given protein. P values were determined for
pairwise comparisons and adjusted for multiple comparisons.

Intracellular Calcium Flux. CEM cells were loaded with Fluo-4 (2 μM; Life
Technologies) for 1 h at 37 °C and then washed twice in Hepes-buffered
(25 mM) HBSS without calcium/magnesium, supplemented with zinc (75 μM).
Cells were suspended to a concentration of 1 × 107 cells per mL. Fluorescence
was measured by using a Fluoroskan Ascent fluorimeter (Thermo Scientific).

Adhesion Assay. CCRF-CEMcellswere labeledwith calcein-AMand resuspended
in serum-free RPMI 1640 supplemented with zinc (75 μM) at a concentration of
1 × 106 per mL. A total of 150 μL was seeded into a plate precoated with
various ECM proteins (Cell Biolabs). Human CCL19 or H497–K520 was added to
the wells. After 3 h, the wells were washed five times with serum-free RPMI
1640, and fluorescence values of individual wells were determined. Each
condition was performed in triplicate.

Animals. Wild-type C57BL/6 mice were purchased from The Jackson Labora-
tories. Sera and tissuewereobtained fromanimals between 8 and 10wkof age.
Animals were housed under specific pathogen-free conditions, and all study

procedures were approved by Rockefeller University’s Institutional Animal Care
and Use Committee.

Adoptive Transfer. Spleens of wild-type C57BL/6 mice were surgically excised.
Single-cell suspensions were prepared by grinding lymphoid tissue through a
40-μm mesh cell strainer (Fisher). Cells were treated with ACK red blood cell
lysis buffer (BioWhittaker), washed with RPMI with 10% FBS, and labeled with
CellTracker Green (Life Technologies). Cells were washed and suspended in
Hepes-buffered HBSS with 75 μM zinc at a concentration of 1 × 108 cells
per mL. Cells were incubated with a synthetic HK peptide, based on the mouse
HK protein (H517–R540; HGHGHGHGKHTNKDKNSVKQTTQR; 8 μM) or vehicle at
37 °C for 30 min. A total of 100 μL of the cell suspension was injected i.v. into
male wild-type C57BL/6 mice. After 60 min, inguinal lymph nodes from re-
cipient mice were harvested and single-cell suspensions were prepared, as
described above. Cells were washed and then stained with fluorochrome-
conjugated anti-CD3 or -CD19 antibodies (BioLegend). Cells were washed and
then treated with one-step Fix/Lyse Solution (eBioscience), and then analyzed
by using a BD LSR II Flow Cytometer (BD Biosciences). Cells were gated for
lymphocytes based on side scatter and forward scatter (FSC) measurements.
Further gating on FSC-Area and FSC-Height was used to identify single cells.
Cells were then classified as either CD3+ or CD19+, followed by gating for
CellTracker-labeled cells to determine the proportion of donor cells that had
accumulated in recipient lymph tissue as a percentage of lymphocytes.

Reagents. Human HKa, human coagulation factor XIIa, and human plasma
kallikrein were purchased from Enzyme Research Laboratories. Recombinant
domain 5 of human HK (kininostatin) was purchased from R&D Systems. Human
factor XI-null and factor XII-null plasma were purchased from George King Bio-
Medical. Control plasma was purchased from Equitech-Bio. CTI was purchased
from Haematologic Technologies. Kininogen-deficient serum was a generous
gift from Alvin Schmaier, Case Western Reserve University, Cleveland. Antibodies
against TSP4, VDAC2, and isotype control were purchased from Abcam, and
those against CCR7 were from BioLegend. Human and mouse HK peptide syn-
theses were performed by the Proteomics Resource Center of The Rockefeller
University, based on the Uniprot sequences for human kininogen (P01042) and
mouse kininogen (O08677). The full sequence of the human H497–K520 peptide
is HKHGHGHGKHKNKGKKNGKHNGWK.

Statistical Analysis. For in vitro chemotaxis studies, each condition was per-
formed in triplicate. Data shown from chemotaxis and calcium flux studies are
representative of at least three independent experiments. For quantification
based on direct visualization, digital images of low power fields (2.5×) were
analyzed by using ImageJ software, using the “Analyze Particle” function, after
uniform thresholding was applied to all images under comparison. Cell count
metrics between conditions were analyzed by using GraphPad Prism software.
Statistical tests were applied to replicates within an experiment, unless other-
wise specified. Data are shown as mean values and SD of replicates within an
experiment. Comparisons among three or more conditions were made by using
one-way analysis of variance, and comparisons between two conditions were
made by using the two-tailed Student’s t test.
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