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CDS antigen-like (CD5L), also known as Spa or AIM (Apoptosis inhibitor of
macrophage), emerges as an integral component of serum immunoglobulin M
(IgM). However, the molecular mechanism underlying the interaction between
IgM and CDS5L has remained elusive. In this study, we present a cryo-electron
microscopy structure of the human IgM pentamer core in complex with
CDSL. Our findings reveal that CD5L binds to the joining chain (J chain) in a
Ca”-dependent manner and further links to IgM via a disulfide bond. We
further corroborate recently published data that CD5L reduces IgM binding to

the mucosal transport receptor plgR, but does not impact the binding of
the IgM-specific receptor FcpuR. Additionally, CD5L does not interfere with
IgM-mediated complement activation. These results offer a more compre-
hensive understanding of IgM and shed light on the function of the J chain in
the immune system.

Immunoglobulin M (IgM) plays a critical role in both humoral and
mucosal immunity. In serum, IgM is primarily found in its pentameric
form, consisting of five IgM monomers linked together by the joining
chain (J chain). TheJ chain is also essential for the transportation of the
IgM pentamer to the mucosal surface, and achieves this by interacting
with the polymeric immunoglobulin receptor (plgR), the extracellular
region of which becomes an integral subunit of secretory IgM known
as the secretory component (SC).

The discovery of IgM can be traced back to 1937 when Hei-
delberger and Pedersen observed that horses immunized with pneu-
mococcus polysaccharide produced antibodies with a remarkably
large molecular weight'. Despite its long history, our understanding of
IgM remains incomplete. The presence of an additional IgM-associated
protein in human serum IgM, apart from the J chain, was initially
detected by Tissot et al. using two-dimensional polyacrylamide gel
electrophoresis in 1993-1994%°, Gebe et al. cloned and characterized
human Spa in 1997 as a macrophage-secreted protein*, which belongs
to the scavenger receptor cysteine-rich (SRCR) superfamily. Miyazaki
et al. subsequently identified mouse AIM (Apoptosis inhibitor of
macrophage) in 1999 and found that it can promote the survival of
thymocytes against apoptosis’. It was soon realized that AIM is the
mouse homolog of human Spa®. In 2002, it was confirmed that human
Spa/AIM, also known as CDS5 antigen-like or CDSL, corresponds to the
additional protein found in IgM’. Recently, Oskam et al. performed
state-of-the-art mass spectrometry analyses and demonstrated that

CDS5L/Spo/AIM is an integral subunit of human circulatory IgM, leading
to the redefinition of the predominant form of circulatory IgM as a J-
chain-linked IgM pentamer plus one CDSL [(IgM)s:(J)::(CD5L);]°. For
consistency with this study and in compliance with UniProtKB
recommendation, we will primarily refer to CDSL/Spo/AIM as CD5L in
this study.

In the past two decades, a wide range of functions of CD5L have
been documented®'’. CD5L is believed to act as a pattern recognition
receptor (PRR) that recognizes a broad range of microbial pathogens,
including both bacterial and fungal cells" ™, as well as endogenous
harmful substances such as cell debris®". In addition to its role in
inhibiting the apoptosis of thymocytes, CDSL has been shown to
suppress the apoptosis of T cells and natural killer T cells in mice'®, as
well as hepatocytes after hepatic ischaemia-reperfusion (I/R) injury®.
CDS5L also regulates lipid biosynthesis and the pathogenicity of
T helper 17 cells®. Furthermore, CD5L has been implicated in diseases
such as obesity, atherosclerosis, and IgA nephropathy* 2. Recently,
Oliveira et al. reported that intravenous administration of recombinant
CDSL protein significantly reduces sepsis-related mortality in mice,
suggesting that CD5L could serve as a potential biological therapeutic
for treating sepsis®. Although the molecular mechanism of CD5L
function remains elusive, it is clear that it plays an important role in
immune homeostasis and diseases.

The IgM pentamer is believed to serve as a carrier for CD5L,
shielding it from renal excretion. However, the molecular basis of the
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IgM-CDSL interaction remains unclear, and the regulatory role of
CD5L in IgM function remains to be further investigated. In this study,
we present a cryo-electron microscopy structure of the IgM-Fc pen-
tamer core in complex with CD5L (Fcp-J-CD5L), shedding light on the
organizational principles of the IgM-CD5L complex. Furthermore, we
demonstrate that CD5L diminishes IgM binding to pIgR while leaving
the binding of the IgM-specific receptor FcuR unaffected. Additionally,
we show that CD5SL has no impact on IgM-mediated complement
activation. These results support recent findings by Oskam et al.® and
offer a more comprehensive understanding of human IgM.

Results

CDSL binds to IgM in a Ca*'-dependent manner

The SRCR proteins are characterized by one or multiple repeats of
highly conserved SRCR domains®?. Structural analyses have shown
that SRCR domains commonly feature a dual-cation-binding site that
plays a crucial role in ligand binding”. To biochemically characterize
the IgM-CDS5L interaction and explore its dependence on divalent
cations such as Ca*', which is typically found in serum (at levels of
1.3-1.5mM in healthy human blood), we generated CDS5L, as well as
Fcp-J, the pentameric IgM core comprising an IgM-Fc pentamer and
the J chain, using HEK293F cells (Supplementary Fig. 1a). We then
conducted surface plasmon resonance (SPR) experiments to evalu-
ate the binding affinity of CD5L with Fcp-J. Fcp-J was first immobi-
lized on a CMS5 sensor chip using the amine coupling technique, with
CDSL serving as the analyte. The results revealed that CDSL binds to
immobilized Fcp-J in the presence of Ca*, but not in its absence
(Supplementary Fig. 2). To mitigate potential issues linked to amine
coupling, we also employed the twin-strep tag present at the
N-terminus of Fcp and immobilized Fcp-J on the streptavidin (SA)
sensor chip. Subsequent SPR measurements showed that CD5SL
binds to the SA-coupled Fcp-J with a Ky of 18.1+3.8nM (Fig. 1a),
which is comparable to the results obtained from the CM5 immobi-
lization method (Table 1). Bovine serum albumin (BSA) was used
as a negative control, and no binding interaction was observed
(Supplementary Fig. 2).

CD5L is highly conserved in mammals (Supplementary Fig. 3a).
Previous research has indicated that cat CD5SL binds to cat IgM with a
1000-fold greater affinity compared to mouse CD5L and IgM?, and this
strong IgM-CDSL binding in cats was suggested to contribute to their

increased susceptibility to renal disease'. However, our measure-
ments indicate that both cat and mouse CD5L exhibit similar affinities
for their respective Fcp-J in the presence of Ca®". The K4 values on the
SA sensor chip were 14.4+84nM for cat CDS5SL-Fcp-J and
36.1+10.3nM for mouse CDSL-Fcp-J (Fig. 1b, c; Table 1). Notably,
measurements using the CMS5 immobilization method produced
similar results, and no binding occurred in the absence of Ca*
(Supplementary Fig. 2). Collectively, these results suggest that CD5L
binds to IgM in a Ca*-dependent manner and that this interaction is
evolutionarily conserved among mammals.

Cryo-EM structure of human Fcp-J-CD5L

The core region of the IgM pentamer displays an asymmetrical
arrangement that resembles a hexagon with a missing piece” .
Negative-stain electron microscopy images indicate that CD5L binds
to the gap of the IgM pentamer®. To reveal the molecular basis of
IgM-CD5L interaction, we incubated human Fcp-J complex and
CDSL together to assemble the Fcp-J-CDSL complex (Supplemen-
tary Fig. 1b), and then analyzed it using cryo-electron microscopy
(cryo-EM). The overall structure was determined at a resolution of
3.4 A (Fig. 2a, Supplementary Fig. 4, Supplementary Table 1), and
revealed an asymmetrical arrangement of five Fcp molecules with a
gap occupied by the J chain and CDS5L, in agreement with previous
findings. The SRCR3 domain of CD5L binds to the center of Fcp-J and
interacts with several regions of the J chain. SRCR2 swings towards
Fcu5B, and presses the 5-36 hairpin of the J chain onto FcuSB. When
viewed from the side, the SRCR2-SRCR3 module was found to be
non-uniformly distributed within the Fcp-J plane, concentrating
more on one side. This further accentuates the asymmetrical nature
of the core region of IgM. Weak densities were observed for the
SRCR1 domain of CDSL, as well as the Cpu2 domains of Fcp, pre-
venting clear visualization of these regions.

Local refinement was performed to enhance the EM densities
surrounding CDSL and the Fcp-J-CDSL interface (Supplementary
Fig. 4, Supplementary Table 1). Both the SRCR2 and SRCR3 domains of
CD5L were found to be crucial in binding to the J chain, particularly the
B5-B6 hairpin of the ] chain (Fig. 2b). It is worth noting that this hairpin
structure, observable in IgA structures® ¢, was disordered in all pre-
vious IgM structures without CD5L. In SRCR2, K173 and R183 form salt
bridges with E77) and E75) (J chain residues are denoted by subscripts),
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Fig. 1| SPR analyses of the Fcp-J-CDS5L interactions. a Human CDS5L binds to
immobilized human Fcp-J with a K4 of 18.1 £ 3.8 nM in the presence of Ca*. Fcp-J
was immobilized on a SA chip the twin-strep tag at N-terminus of Fcp-J, and serial
dilutions of human CD5L (from 200 to 12.5 nM) were flowed over the chip. SPR data
were fitted to a 1:1 binding model using Biacore Evaluation Software, with each
experiment repeated at least twice. The colored curve represents experimental

Kd =14.4 £ 8.4 nM

Kd =36.1 £10.3 nM

data, while the black curves depict the fitting results. b Cat CDSL binds to immo-
bilized cat Fcp-J in the presence of Ca?". Serial dilutions of cat CD5L (200-12.5 nM)
were flowed over immobilized cat Fcp-J on an SA chip for the SPR measurement.
¢ Mouse CD5L binds to immobilized mouse Fcp-J in the presence of Ca®*. Immo-
bilized mouse Fcp-J on an SA chip and serial dilutions of mouse CDSL

(200-12.5 nM) were utilized for the measurement.
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Table 1| Summary of the SPR analyses in this study

Chip Ligand Analyte Coupling Experiment type Fitting model ka (1/Ms) kq (1/s) Ky (nM)
CM5 Human Fcu-J Human CD5L Random  Single-cycle kinetics 1:1 binding 2.8x10°+1.7x10° 8.3x10°%+5.6x% 107 28.7+5.9
CM5 Cat Fcp-J Cat CD5L Random  Single-cycle kinetics 1:1 binding 1.9x10*+£5.8x10° 3.3x10%+9.6x107° 17.9+8.0
CM5 Mouse Fcu-J  Mouse CD5L Random  Single-cycle kinetics 1:1 binding 3.4x10%*+1.0x10* 8.2x10*+4.0x10™ 26.0+12.5
SA  Human Fcpy-J Human CD5L Oriented  Single-cycle kinetics 1:1 binding 6.1x10°+1.9x10° 11x102+2.3x107° 18.1+3.8
SA  CatFcp-J Cat CD5L Oriented  Single-cycle kinetics  1:1 binding 2.7x10°+3.0x10° 25x10°%+£1.7x10° 14.4+8.4
SA  Mouse Fcuy-J Mouse CD5L Oriented  Single-cycle kinetics 1:1 binding 4.6x10°+4.1x10° 1.5x102£1.0x107?2 36.1+10.3
SA  Human Fcu-J Human CD5L (C191S) Oriented  Single-cycle kinetics  1:1 binding 1.1x10%£1.0x10° 1.3x102£1.0x107? 13.2£2.2
CM5  Fcp-J-CD5L  FcpR Random  Single-cycle kinetics 1:1 binding 11x107+1.9x10° 9.6x102+2.0x1072 8.8+0.3
CM5  Fcp-J FcuR Random  Single-cycle kinetics 1:1 binding 1.0x107+£2.5x10° 7.5x102£2.2x107 7.4+0.4
CM5 Fcp-J-CD5L  plgR Random  Single-cycle kinetics 1:1 binding 1.1x10°£8.4x10* 1.3x102+1.0x107? 134 £11.3
CM5  Fcp-J plgR Random  Single-cycle kinetics 1:1 binding 1.4x10°+7.0x10° 4.6x10%+3.3x10™ 35+26
CM5 FcpR Fcu-J-CD5L Random  Multi-cycle kinetics  1:1 binding 2.6x10°+7.6x10° 11%x10°+2.4%x10™* 0.4+0.04
CM5  FcuR Fcu-J Random  Multi-cycle kinetics  1:1 binding 3.0x10%£2.0x10° 71x10%£7.4x10™ 0.2+0.1
SA  plgR Fcu-J Oriented  Multi-cycle kinetics  1:1 binding 1.9x10°+2.7x10* 1.3x10°+3.2x10™ 6.9+0.7
SA  plgR Fcu-J-CD5L Oriented  Multi-cycle kinetics ~ Two-state 9.8x10°+3.1x10% (kyy) 5.6x102+5.2x107° (kg) 341+102

reaction 4.6x10°£5.7x107 (kop) 7.2x10°2£3.9x107 (kg2)

1:1 binding 7.2x10*£1.5x10* 1.4x102£5.6x107° 201+118

d
5—p6 hairpin

Fcu1A

Fcu5B

\ i 3 \ \
N ) i) WJ ﬁ "

Y : — & "\ K391
> I:I/:“ ;:3; L \b :U €H393
St ams O ysansf

=
Drom 121 B8 (BT & P135 »
D7)2\;7‘:’5 ; B D79 AL
J J Fcu5B

Fig. 2 | Cryo-EM structure of human Fcp-J-CD5L complex. a The cryo-EM
structure of the human Fcp-J-CDSL complex is depicted in two views. Five Fcp
chains are shown in teal, and five are shown in pale cyan. The J chain, CD5L and Ca**
are shown in light coral, gold and green, respectively. Consistent color schemes are
applied across all figures unless specified otherwise. b Interactions between the
SRCR2-SRCR3 junction of CD5L and the 35-B6 hairpin of the J chain. Polar

interactions are denoted by dashed lines, whereas amino acids highlighted in blue
boxes indicate CDSL sites mutated in this study. ¢ Interactions between the SRCR3
domain of CD5L and the ] chain. Ca*-coordinating interactions and polar interac-
tions involving D271, E339, and K107, are denoted with dashed lines. d Interactions
between the SRCR2 domain of CDSL and the Cp3 of Fcpu5SB. A disulfide bond forms
between C191S and C414¢,sp.
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Fig. 3 | Impact of CDSL mutants on Fcp-J interaction. a Lack of Ca** results in no
binding between CDSL and Fcp-J in a pull-down assay. This experiment has been
repeated at least three times. b Mutations in putative Ca*"-binding sites in SRCR1
(D50A/DS1A and E118A) do not influence CDSL-Fcp-J interaction. However, muta-
tions in SRCR3’s cation-binding sites (D270A/D271A, E339A, and D270A/D271A/
E339A) abolish interaction with Fcp-J in the presence of Ca®". This experiment has
been repeated at least three times. ¢ The R183A/V185N and F329N/G331S mutations

Kd=13.212.2nM

disrupt the interaction with Fcp-J, whereas C191S does not. This experiment has
been repeated at least three times. d C191S (green) is capable of forming a complex
with Fcp-J similar to the wild-type (orange) in size-exclusion chromatography.
SDS-PAGE analysis of the peak fractions from size-exclusion chromatography
experiments is presented on the right. This experiment has been repeated at least
three times. e SPR analyses of the interaction between human Fcp-J and the C191S
mutant in the presence of Ca*".

respectively; whereas VI85-TI187 interact with N80,-I82; through
hydrophobic and van der Waals interactions. In SRCR3, R328 forms a
salt bridge with D72, while F329 and F332 form hydrophobic interac-
tions with P73,.

Further interactions have been observed between SRCR3 and the
C-terminal region of the J chain. Sequence and structural analyses
indicate that SRCR3 contains a complete dual-cation-binding site,
while SRCR2 has a degenerate one” (Supplementary Fig. 3). The cryo-
EM density map is not inconsistent with the existence of two Ca*" ions
in SRCR3, coordinated by D270, D271, D311, D334, and E339 (Supple-
mentary Fig. 4g, h). The presence of Ca** likely plays a role in stabilizing
the negatively charged surface patch in SRCR3, as circular dichroism
(CD) spectroscopy analyses indicate that Ca>* does not induce a global
conformational change in CD5L (Supplementary Fig. 5). Notably, a
pocket between these two Ca**-binding sites cradles Lys107 (Fig. 2c).
In addition, F295 in SRCR3 interacts with P135,.

CD5L also directly interacts with Fcp. H230 and D231 from SRCR2
were involved in making polar contacts with FcuSB. Furthermore, a
disulfide bond was observed between Cys191 in SRCR2 and Cys414 in
the Cp3 domain of FcuSB (Fig. 2d, Supplementary Fig. 4k), consistent
with previous analyses®”. Indeed, the presence of a disulfide linkage
between CD5L and Fcp-J was confirmed by non-reducing SDS-PAGE
(Supplementary Fig. 6a).

Interaction between CD5L mutants and Fcp-J
In order to confirm the functional importance of these molecular
interactions, we engineered CD5L mutants and conducted pull-down
experiments. Consistent with the findings of the SPR analyses (Fig. 1,
Supplementary Fig. 2), wild-type (WT) CDS5L specifically binds to Fcpu-J
in the presence of Ca*', and this binding is disrupted in the presence of
EDTA (Fig. 3a, b). Mutations of the putative Ca**-binding sites in SRCR1
(D50A/DS5IA and E118A) did not affect the interaction between CDSL
and Fcp-J (Fig. 3b), supporting the cryo-EM structure that SRCR1 is not
involved in the binding interface. On the other hand, mutations in the
cation-binding sites of SRCR3 (D270A/D271A, E339A, and D270A/
D271A/E339A) led to a complete loss of interaction with Fcp-J. Fur-
thermore, mutations (R183A/V185N and F329N/G331S) that introduced
N-linked glycans at positions 185 (in SRCR2) and 329 (in SRCR3) in
CDS5L also significantly reduced the interaction with Fcp-J (Fig. 3c);
since the presence of these bulky glycans would interfere with the
interaction between CDS5L and the Jchain 35-f36 hairpin (Fig. 2b). SPR
experiments further corroborated these results, demonstrating that
both D270A/D271A/E339A and R183A/V185N mutants do not bind to
Fcp-J (Supplementary Fig. 6b, c).

To our surprise, the mutation of C191 to Ser (C191S) in CD5L did
not significantly impact the binding between CD5L and Fcp-J (Fig. 3¢).
In fact, C191S is able to form a complex with Fcp-J on size-exclusion
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Fig. 4 | CD5L diminishes IgM binding to pIgR but not to FcpR. a and b SPR
analyses of the interactions between immobilized FcpuR-D1 and Fcp-J or
Fcp-J-CD5L. Twofold serial dilutions of Fcp-J-CD5L or Fcp-J (both from 40 to
2.5nM) were passed through immobilized FcpR-D1 on the CMS5 chip. ¢ Structural
insights indicate that CD5L is unlikely to disrupt the IgM-FcpR interaction. Teal,
light coral, and gold represent Fcp chains, J chain, and CD5L of the Fcp—J-CDSL
complex, while the grey and purple illustrate Fcp-J and FcpR-D1 from the human
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serial dilutions of Fcp—J-CD5L (from 80 to 5 nM) or Fcp—J (from 320 to 20 nM) were
passed through biotinylated pIgR-SC immobilized on a SA chip. f Structural ana-
lyses suggest that CDSL hinders the IgM-plgR interaction. Fcp-J and pIgR of the
human Fcp-J-plgR complex (PDB ID: 6KXS) are shown in grey and blue,
respectively.
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chromatography, akin to the WT CD5L (Fig. 3d). Furthermore, SPR
analyses indicated that C191S binds to Fcp-J with a K4 of 13.2+2.2nM
(Fig. 3e, Table 1), a value similar to that of the wild-type CD5L. These
findings suggest that a noncovalent association plays a crucial role in
the formation of the IgM-CDS5L complex. The disulfide bond involving
CD5L and FcpSB likely enhances the stability of the fully formed
IgM-CDSL complex in circulation, akin to the role of the disulfide bond
between pIgR-SC and IgA in secretory IgA.

CDSL reduces IgM binding to plgR but not to FcpR

The integration of CD5L as a subunit of [gM prompts an inquiry into its
impact on IgM function. To address this, we started by investigating
the influence of CD5L on the interaction between the IgM pentamer
and the specific IgM Fc receptor, FcuR*. Surface plasmon resonance
(SPR) experiments revealed that Fcp—-J-CD5L and Fcp-J exhibit similar
high-affinity interactions with the D1 domain of FcpuR (FcpR-D1), with
apparent Ky values of 0.4+0.04 and 0.2+0.1nM, respectively
(Fig. 4a, b; Table 1). This suggests that the presence of CD5L does not
significantly affect the interaction between IgM and FcpR. Structural
analyses further support this conclusion, indicating that CD5L is unli-
kely to impede the recruitment of FcpR-D1 by IgM (Fig. 4¢). Similar
conclusions were drawn from SPR experiments conducted in the
reverse manner, where Fcp-J-CD5L and Fcp-J were immobilized on
the SPR chip, albeit with lower apparent affinities (K4 values of 8.8 + 0.3
and 7.4 £ 0.4 nM, Supplementary Fig. 7a, Table 1). The observed affinity
differences are likely due to avidity effects, as a single Fcpi-J can engage
with up to four FcpR-D1 molecules on either side®. When FcpR-D1 is
anchored to the SPR chip, Fcp-J in the aqueous solution can partici-
pate in a multivalent interaction with FcpR, resulting in higher avidity
and, higher apparent binding affinity. In contrast, FcpR-D1 in the
mobile phase can only bind to the Fcp-J in a monovalent manner,
leading to an apparent binding affinity that reflects the average bind-
ing affinity of all the individual binding sites.

We were unable to measure the binding between IgM and FcapR,
the Fc receptor for both IgM and IgA*, due to challenges in producing
well-behaved FcapR protein. We then evaluated how CD5L influences
the binding between IgM and plgR. Fcp-J-CDS5L associates with the
C-terminally anchored pIgR-SC (the extracellular region of pIgR) with
substantially decreased affinity when compared to the interaction
between Fcpi-J and pIgR-SC (Fig. 4d, e; Table 1). Consistently, a reduced
binding affinity between pIgR-SC and Fcp-J in the presence of CD5L
was also observed when pIgR-SC was used in the mobile phase (Sup-
plementary Fig. 7b). A structural comparison between Fcp-J-CDSL and
Fcp-J-plgR-SC revealed that CDSL could substantially collide with the
D3-D5 domains of pIgR-SC (Fig. 4f). It should be noted that only the D1
domain of pIgR-SC s involved in binding to Fcp-J, and the five domains
of pIgR-SC can undergo substantial conformational changes®. There-
fore, despite the steric hindrance posed by CDSL on the D3-D5
domains of pIgR-SC, conformational changes in pIgR-SC may allow its
D1 domain to be more exposed for interaction with Fcp-J. This pro-
vides a rationale for the observed low-affinity binding between the
Fcp-J-CDSL complex and pIgR-SC. Nevertheless, the data clearly
indicate that the presence of CD5L significantly impairs the binding of
Fcp-J to pIgR-SC.

CDSL does not interfere with IgM-mediated complement
activation

IgM is capable of recruiting the C1q complex and initiating the classical
complement pathway. The Clg-binding site is situated in the Cp3
domain of Fcp and includes residues 432-436 in the FG loop*®, which
does not participate in interacting with CD5L. To assess the effect of
CD5L on IgM-mediated complement activation, we generated a
recombinant anti-CD20 IgM molecule following previously established
methods". Subsequently, we conducted complement-dependent
cytotoxicity experiments using OCI-Lyl0 cells, which naturally
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Fig. 5 | CD5SL does not affect IgM-mediated complement activation. IgM-
mediated complement activation was assessed using OCI-Ly10 cells, which natu-
rally express CD20. Serially diluted CD5SL (ranging from 320 to 10 nM) or the
malaria protein VAR2CSA was incubated with anti-CD20 IgM (at 6 nM) for 3 h.
Subsequently, the protein mixtures were combined with normal human serum
complement and applied to the OCI-Ly10 cultures. Cell viability was determined by
measuring ATP levels using the CellTiter-Glo reagent and was shown by dots. For
comparison, the statistical analysis was performed using an unpaired Student’s ¢-
test with 95% confidence intervals and described statistical significance with two-
sided p-values in GraphPad Prism. * Indicates statistical significance at p < 0.0001.
Plots indicate the mean (top line of box) and standard deviation (error bars).

express CD20. The results revealed that in the presence of human
serum complement, the anti-CD20 IgM effectively induced the lysis of
OCI-Lyl0 cells (Fig. 5). Preincubation of this IgM with increasing
amounts of CD5L did not show any significant effect on complement
activation. In contrast, VAR2CSA, a malaria protein known for its
potent inhibition of IgM-mediated complement cytotoxicity in this
context", effectively suppressed IgM-triggered cell killing. These
findings suggest that CD5L does not exert a substantial influence on
IgM-mediated complement activation.

Discussion

In this study, we have elucidated the molecular mechanism of the
IgM-CDSL interaction. Our findings indicate that CDSL primarily
engages with the J chain in a Ca**-dependent manner, and the forma-
tion of a disulfide bond between CD5L and Fcp further stabilizes the
IgM-CDSL complex. Moreover, we have demonstrated that CDS5L sig-
nificantly reduces IgM binding to pIgR but does not affect the binding
of FcpuR or complement activation. By impeding the interaction
between IgM and plgR, CDS5L likely hinders the mucosal transcytosis of
IgM, thereby contributing to the retainment of IgM within the blood-
stream. Collectively, these results corroborate recent findings by
Oskam et al. and support the notion that CD5L is an integral compo-
nent of circulatory IgM®.

Despite these advancements, the precise function of CD5L remains
elusive. It is hypothesized that when bound to IgM, CD5L is shielded
from renal elimination but appears to be functionally inactive'®. Upon
disruption of immune homeostasis, CDSL dissociates from IgM and
plays a role in immune regulation®*, Our results suggest that CD5L
dissociation would require conditions that promote the disruption of
the disulfide bond, and possibly a decrease in Ca* concentration.
Deciphering the molecular events that trigger CD5L release from IgM
remains a critical area for future research. Furthermore, the existence of
specific receptors for CD5L is yet to be investigated. Regardless, the fact
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that CDSL serves as a subunit of circulatory IgM alters our under-
standing of IgM and warrants immediate attention in related fields.

Finally, we have shed light on the critical, yet previously under-
appreciated, role of the ] chain. The significance of the J chain was first
reported by Marian Koshland in 1970, and in her 1985 review"’, she
highlighted that “the existence of a third immunoglobulin polypep-
tide, the J chain, is often overlooked.” Recent structural insights from
our research and others have revealed the molecular mechanism of the
J chain in promoting IgM and IgA polymerization, as well as its role in
the recognition of IgM and IgA by plIgR®*~*>**, In this study and
another study*, we further demonstrate that the J chain also plays a
crucial role in mediating the interaction between the IgM pentamer
and CDSL, as well as between systemic IgA and FcRL4. It is clear that the
J chain imparts unique characteristics to polymeric IgM and IgA,
enabling them to be specifically recognized by distinct molecular
partners to fulfil their functions.

Methods

Protein expression and purification

The DNA fragment encoding the residues 20-347 of human CD5L
(Uniprot 043866) was cloned into a modified pcDNA vector with an
N-terminal IL-2 signal peptide followed by an 8-residue His-tag. The
plasmid expressing CD5L was transfected into the HEK293F cells by
polyethyleneimine (Polysciences), and the cells were cultured in SMM
293T-I medium (Sino Biological Inc.) at 37 °C, with 5% CO, and 55%
humidity. Four days following transfection, the conditioned media
were collected by centrifugation, then concentrated via a Hydrosart
Ultrafilter (Sartorius) and exchanged into the binding buffer (25 mM
Tris-HCI, pH 7.4, 150 mM NaCl). The recombinant protein was isolated
by Ni-NTA (Smart-Lifesciences) affinity chromatography and eluted
with the binding buffer supplemented with 500 mM imidazole. The
sample was further purified using a Superdex 200 increase column (GE
Healthcare) and eluted using the binding buffer. Mouse CDS5L (residues
22-352, Uniprot Q9QWK4) and cat CD5L (3-SRCR isoform, residues
20-355, Uniprot AOAIEIGEYO) were produced similarly. The Fcp and
the J chain of human Fcp-J complex were co-expressed in the HEK293F
cells, then purified using Ni-NTA affinity chromatography and Super-
ose 6 increase column (GE Healthcare), as previously described™. Cat
Fcp (residues 94-441, NCBI BAA32231.1)-J (residues 1-158, Uniprot
M3XBL5) and mouse Fcp (residues 104-454, Uniprot P01872)-)
(residues 1-159, Uniprot P01592) complexes were also expressed and
purified in similar manners.

To obtain the human Fcp-J-CD5L complex for cryo-EM analyses,
Fcp-J) and CDSL were co-expressed in the HEK293F cells and purified
first by Ni-NTA affinity chromatography, and subsequently subjected
to size-exclusion chromatography using a Superose 6 increase column.
The elution buffer comprises the binding buffer supplemented with
5mM CacCl..

Circular dichroism spectroscopy assay

The circular dichroism spectroscopy experiments were performed
using the MOS-500 spectropolarimeter (Bio-Logic). Human CD5L was
purified using a Superdex 200 increase column (GE Healthcare) and
then concentrated to ~20 puM sample concentration. The measurement
wavelength range was set to 190-250 nm, with a slit width of 2nm, a
scanning speed of 1nmy/s, and an acquisition time of 1s per point. A
1-mm colorimetric cell was used for scanning. The experiments were
repeated twice, and the data were analyzed using the GraphPad Prism
software.

Surface plasmon resonance

The surface plasmon resonance experiments were performed on the
Biacore T200 (GE Healthcare). Fcp-J complex was captured by the SA
chip (GE Healthcare) via the twin-strep tag at N-terminus of Fcp-J.
CDS5L was injected over the flow cell at a range of five concentrations

prepared by serial twofold dilutions at a flow rate of 30 pL/min using a
single-cycle kinetics program. The SPR assays were performed at 25 °C.
The running buffer comprises 1x HBS-EP Buffer (Cytiva) (10 mM
HEPES, pH 7.4, 150 mM NaCl, 3mM EDTA, 0.05% Tween-20). After-
wards, the CD5L proteins were passed through using a single-cycle
kinetics program. Bovine Serum Albumin (BSA, BBI Life Sciences) was
used as a negative control.

The affinity of CDSL for Fcp-J was also evaluated by immobilizing
Fcp-J on a CMS5 chip (GE Healthcare) at pH 4.5 using the amine cou-
pling procedure at a 10 pL/min flow rate. The twofold serial dilutions of
CD5L flowed through the cell at five concentrations using a single-cycle
kinetics program. Running buffer containing 1x HBS-EP buffer or 1x
HBS-EP buffer with the addition of 8 mM of CaCl, was used to test the
effect of calcium ions on Fcp~J and CDSL binding.

To investigate the effect of CD5L on the interaction between Fcp-J
and FcpR, FcpR-D1 was expressed and purified as previously
described®® and was immobilized on the CMS5 chip via amine coupling.
Serial dilutions of Fcp-J-CDS5L and Fcp-J were then passed through
using a multiple-cycle kinetics program. To investigate the effect of
CD5L on the interaction between Fcp-J and plgR, a pIgR-SC with a
C-terminal Avi-tag (amino acid sequence: GLNDIFEAQKIEWHE) was
first expressed in the HEK293F cells and purified by Ni-NTA affinity
method. A GST (Glutathione S-transferases)-tagged BirA, a biotin
ligase, was expressed in BL21 (DE3) E. coli and purified by the GST
affinity method. Biotinylation was performed in a solution containing
100 uM Avi-tagged plIgR-SC in 1x phosphate-buffered saline (PBS)
supplemented with 5 mM MgCl,, 2mM ATP, 1 uM BirA, and 0.15mM
D-Biotin. After the reaction, BirA and excess D-Biotin were removed
from the biotinylated pIgR-SC using a Superdex 200 increase column.
The C-terminal biotinylated pIgR-SC was then immobilized on the SA
chip for subsequent SPR measurements. The experiments were also
conducted in a reverse manner, with Fcp-J-CDSL and Fcp—-J immobi-
lized on the CMS chips via amine coupling. Binding studies were then
performed by passing twofold serial dilutions of purified FcyuR-D1 or
pIgR-SC over these chips.

The interaction between immobilized pIgR-SC and Fcp-J-CD5L
was analyzed using both a two-state reaction model and a 11
binding model with the Biacore Evaluation Software v2.0, as shown
in Table 1. The remaining SPR data were fitted to a 1:1 binding
model. Each SPR experiment was repeated at least twice, as shown in
Supplementary Fig. 8.

Cryo-EM sample preparation and data collection

Prior to cryo-EM sample preparation, the gel filtration peak fractions
containing Fcp-J-CDS5L tripartite complex were collected and con-
centrated to 0.25 mg/mL, then cross-linked with 0.05% glutaraldehyde
(Sigma) at 20 °C for 5 min. For grid preparation, 4 pL of Fcu-J-CD5L
was applied to glow-discharged holy-carbon gold grids (Quantifoil,
R1.2/1.3, 300 mesh), blotted with filter paper in 100% humidity at 4 °C,
and put into the liquid ethane with a Vitrobot Mark IV (FEI). A Talos
Arctica microscope equipped with a Ceta camera (FEI) was used to
screen grids. Data collection was performed on a Titan Krios electron
microscope (FEI) operated at 300 kV with the Gatan Imaging Filter
(GIF) energy-filtering slit width set at 20 eV. Movie stacks were recor-
ded on a K3 Summit direct electron detector (Gatan) in super-
resolution mode at a magnification of 105,000x using the EPU soft-
ware (E Pluribus Unum, v2.1.2, Thermo Scientific), which corresponded
to a pixel size of 0.83 A per pixel. The dose rate was 16 e /pixel/s. The
defocus range was set from -1.0 to -1.5 um. The micrographs were
recorded for 2.56 s and subdivided into 32 frames with a total electron
exposure of 59.5 electrons per A%

Imaging processing, model building and structure refinement
For 3D reconstruction of the Fcp-J-CD5L complex, a total of 6962
movie stacks were recorded. All image processing was performed with
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cryoSPARC (v3.2.1)**. Raw movie frames were motion-corrected and
dose-weighted using the Patch motion correction (multi) module. The
contrast transfer function (CTF) parameters of each summed image
were estimated by the Patch CTF estimation (multi) module. The
images were screened manually to remove low-quality ones with the
Manually Curate Exposures module. A set of 979,111 particles was
picked without reference by the Blob picker module and subjected to
reference-free 2D classification to generate templates for template
particle picking. Subsequently, a total of 894,255 particles were tem-
plate-picked, and extracted particles were subjected to several rounds
of 2D classification to remove noise and fuzzy particles. 769,364 par-
ticles were kept for initial model generation and 3D classification,
using Ab-Initio Reconstruction and Heterogeneous Refinement,
respectively. The particles in qualified groups (381,470 particles) were
combined and subjected to Homogeneous Refinement, resulting in a
map with a 3.39A overall resolution, according to the Fourier
shell correlation (FSC)=0.143 criterion. Local Refinement was per-
formed with a soft mask which encompasses the CD5L-Fcp-J inter-
face, yielding a map at the resolution of 3.41A with a clearer
visualization of the interface. The mask was created using UCSF chi-
mera (v1.16)*. The local resolution map was analyzed by the Local
Resolution Estimation module of cryoSPARC and displayed using
UCSF ChimeraX (v1.5rc202211120143).

The initial model of CD5L was predicted by Alphafold*¢, as well as
the structures of Fcp from the Fcp-J-plgR-SC complex (PDB ID: 6KXS)
[https://doi.org/10.2210/pdb6KXS/pdb] and the J chain from the SIgA
complex (PDB ID: 6LX3) [https://doi.org/10.2210/pdb6LX3/pdb], was
docked into the cryo-EM map using UCSF chimeraX and then manually
adjusted using Coot (v0.9.4.1)*". The SRCR1 domain of CD5L is absent
in the structure because it displays poor densities, perhaps due to
potential conformational flexibility. Refinement was performed using
the real-space refinement in Phenix (v1.19)*. Figures were prepared
with UCSF ChimeraX.

StrepTactin pull-down assay

CD5L mutations were introduced through PCR-based mutagenesis.
Afterwards, wild-type and mutant CD5L proteins were purified with the
Ni-NTA affinity method. For the pull-down assays, CDSL was first
incubated with purified Fcpi-J complex on ice for 1 hr. The mixture was
then incubated with the StrepTactin beads (Smart Lifesciences) and
rotated at 4 °C, in the binding buffer containing 25 mM Tris-HCI, pH
7.4, 150 mM NaCl, 5mM CaCl, or 5mM EDTA. A twin-strep tag is pre-
sent on Fcp. After 1 h of incubation, the beads were washed three times
with the binding buffer, and the bound proteins were eluted with the
binding buffer supplemented with 10 mM desthiobiotin (IBA Life-
sciences). The samples were analyzed by SDS-PAGE and detected by
Coomassie staining.

Complement-dependent cytotoxicity assay

Anti-CD20 IgM was produced as described previously*. OCI-Ly10 cells,
which express CD20, were used for the complement-dependent
cytotoxicity assay. Serially diluted CD5L were incubated with anti-
CD20 IgM for 3 hiin 50 pL of RPMI-1640. Then the proteins were mixed
with equal amounts of normal human serum complement (1:12.5,
Quidel) and OCI-Ly10 cultures (20,000 cells) before being put into a
96-microwell plate. 50 pL of CellTiter-Glo reagent (Promega, G7572)
was added to each well and incubated for 10 min at room temperature
after 6 h of incubation at 37 °C. A Cytation 5 cell imaging multi-mode
reader (BioTek) was used to quantify luminescence. The experiment
was repeated four times and the statistics were analyzed by two-tailed,
unpaired Student’s t-test in GraphPad Prism v9.0.0.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Cryo-EM density maps of Fcpi-J-CD5L have been deposited in the Elec-
tron Microscopy Data Bank with accession codes EMD-37936 (overall)
and EMD-37937 (local). Structural coordinates have been deposited in
the Protein Data Bank with the accession codes 8WYR (overall) and
8WYS (local). A list of primers and codon-optimized DNAs is provided in
the Source Data file. Source data are provided with this paper.
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