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ABSTRACT

Identification of novel stimulatory cytokines with antitumor function would have great value in tumor
immunotherapy investigations. Here, we report LYG1 (Lysozyme G-like 1) identified through the strategy
of Immunogenomics as a novel classical secretory protein with tumor-inhibiting function. LYG1
recombinant protein (rhLYG1) could significantly suppress the growth of B16 tumors in WT B6 mice, but
not in SCID-beige mice, Rag1~'~ mice, CD4"- or CD8" T cell-deleted mice. It could increase the number of
CD4" and CD8™ T cells in tumor-infiltrating lymphocytes, tumor-draining lymph nodes, and spleens, and
promote IFNy production by T cells in tumor-bearing mice. In vitro experiments demonstrated that
rhLYG1 could directly enhance IFNy secretion by CD4*1 T cells, but not CD8" T cells. Moreover, it could
promote the activation, proliferation, and IFNy production of tumor antigen-specific CD4" T cells. The
tumor-inhibiting effect of LYG1 was eliminated in /fng™~ mice. Furthermore, LYG1 deficiency accelerated
B16 and LLC1 tumor growth and inhibited the function of T cells. In summary, our findings reveal a tumor-
inhibiting role for LYG1 through promoting the activation, proliferation, and function of CD4" T cells in
antitumor immune responses, offering implications for novel tumor immunotherapy.

Abbreviations: CFSE, carboxyfluorescein succinimidyl ester; DC, dendritic cell; ELISA, enzyme-linked immunosorbent
assay; GEWL, goose egg white lysozyme; IFN, interferon; IL, interleukin; i.p., intraperitoneally; KOMP, knock-out
mouse project; LLC, Lewis lung carcinoma; LYG1, lysozyme G-like 1; NK cell, natural killer cell; OVA, ovalbumin; s.c.,
subcutaneously; pcDB, pcDNA3.1/myc-His(—)B; PD-1, programmed death 1; qPCR, quantitative PCR; TDLN, tumor-
draining lymph node; Th, T helper cells; TILs, tumor infiltrating lymphocytes
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Introduction

Cytokines are secreted proteins that play significant roles in
antitumor immune responses through regulating the prolifera-
tion, activation, differentiation, and survival of lymphocytes."
To date, many cytokines have been identified with antitumor
function. For example, IL-21 shows antitumor effect in differ-
ent tumor models by activating T and natural killer (NK) or B
cell responses.” TL-27, a member of the IL-12 heterodimeric
cytokine family, possesses antitumor function against various
types of tumors through different mechanisms, such as anti-
angiogenesis, antibody-dependent cell-mediated cytotoxicity,
direct anti-proliferative effects, or through CD8* T cells and
NK cells.”

Many tumors bear tumor-specific antigens or tumor-associ-
ated antigens, which make immunotherapy possible through
tumor-specific T cells to eliminate tumors.* However, tumor-
specific immunity is often powerless at tumor sites. One reason
is that T cell checkpoints, such as programmed death 1 (PD-1),
lead to compromised activation and suppressed functions of

tumor-specific T cells.” Although the blockade of checkpoint
molecules has revolutionized cancer immunotherapy, its effec-
tiveness appears to be limited due to the few numbers of exist-
ing tumor-infiltrating T cells. In addition, some tumor types
are resistant to checkpoint blockade.®” Another reason is the
lack of stimulatory molecules, such as cytokines. The function
of tumor-specific T cells depends on the production of cyto-
kines." For example, neutralization of IL-9 in mice accelerated
tumor growth, while tumor-specific Th9 cell treatment pro-
moted stronger antitumor responses.® T-cell ablation of IL-10
facilitates cancer progression due to the loss of IFNy dependent
immune surveillance.” Therefore, the identification of novel
stimulatory cytokines that have potent antitumor function
should have a great value in the improvement of tumor
immunotherapy.

To identify novel potential cytokines, our group has estab-
lished a screening platform using immunomics, including bio-
informatics, functional screening, and systematic study, since
2008. Using this strategy, we have identified several novel
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cytokines that have different immune modulatory function.'*'*

LYGI (lysozyme G-like 1) is one of them. LYGI belongs to the
lysozyme G family. Five types of lysozymes have been identi-
fied, of which only the C-type and G-type lysozymes exist in
the human genome.'” The lysozyme G family consists two
members, LYGI and LYG2. In 2011, Huang et al. detected the
LYG2 protein in human eye and testis and found that LYG2
recombinant protein inhibited Gram-positive bacterial growth
but not Gram-negative bacterial or Candida albicans growth."
A short communication recently reported that in fish Lyg2 was
significantly upregulated in mucosal tissues following bacterial
challenge, while Lygl showed downregulation.'” However, the
function of LYG1 was unknown.

The lysozyme superfamily has bacteriolytic functions
through hydrolyzing -1, 4 glycosidic bonds in peptidogly-
can and chitin using glycoside hydrolase.'® Early studies
also reported the tumor-inhibiting function of lysozymes.
For example, the oral administration of hen egg white lyso-
zyme could significantly reduce the tumor growth and lung
metastases of B16 melanoma.'” Lysozyme expressed by
B-16V cells could suppress the tumorigenicity of these
cells.”® Marine lysozyme could inhibit angiogenesis and
tumor growth.”’ Egg white lysozyme could increase the
number of CD8" T cells in mice bearing MCa mammary
carcinoma.”?

Based on these clues, in this study, we have verified the
secretion of LYGI, investigated the bacteriolytic and tumor-
inhibiting function, and explored the mechanism of its antitu-
mor function.

Results
Expression and purification of LYG1

LYGI (GeneID: 149999339) was isolated using the immunoge-
nomics strategy described previously.'” The nucleotide
sequence and amino acid sequence data have been submitted
to the GenBank databases under accession number
NM_174898.2 (Fig. 1A). Human LYGI is located on chromo-
some 2ql1.1, encoding 194 amino acids with a lysozyme-like
domain (Fig. S1A). To determine the function of LYGI, we first
analyzed the expression profile of human LYG1. As shown in
Fig. 1B, LYG1 demonstrated the highest expression level in the
kidney and lower levels in other tissues.

LYGI contains a typical signal peptide as predicted by Sig-
nalP 4.0 (website). To verify the secretion, LYG1 was overex-
pressed by transfecting pcDB-LYG1 into HEK293T cells
following the BFA blocking assay. As shown in Fig. 1C, the
LYGI protein could be detected at 25 kDa, which is consistent
with the predicted molecular mass. The secretion of proteins
with N-terminal signal peptides can be blocked by BFA, an
inhibitor of the classical (ER-Golgi) secretion pathway.”> BFA
treatment dramatically decreased LYGI secretion into the
supernatant, indicating that LYG1 is a classical secretory pro-
tein (Fig. 1C). To examine the signal peptide, eukaryotic LYG1
recombinant protein (rhLYG1) was purified from HEK293T
culture supernatants and subjected to N-terminal sequencing.
The result (Fig. S1B) showed that the first 19 amino acids con-
stituted the signal peptide of LYGI, in accordance with the pre-
diction by SignalP 4.0.
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Figure 1. Expression and purification of LYG1. (A) Nucleotide sequence and amino acid sequence of human LYG1. The boxes indicate the signal peptide predicted by
SignalP 4.0. (B) Expression profile of LYG1 in multiple human tissues and immune cells analyzed by PCR and real-time PCR. (C) Verification of the secretion pathway for

LYG1 using the BFA blocking assay. (D) Pure rhLYG1 analysis by SDS-PAGE.



Adequate quantity and quality of rhLYGI was essential for
functional investigation of LYG1. Thus, an efficient transient
expression system was established in HEK293F cells by trans-
fection of pcDB-LYG1. Total 15 mg of high-quality rhLYG1
(with a C-terminal Myc-6xhis tag) with high purity (>95%)
and low endotoxin (0.125 EU/mg protein) was purified and
used in further studies (Fig. 1D).

LYG1 showed antitumor activity depending on
lymphocytes in vivo

LYGI1 belongs to lysozyme superfamily and contains a lyso-
some domain. To evaluate the bacteriolytic ability of LYGI, an
enzymatic assay that lysed bacteria was performed using
M. lysodeikticus, which is a typical enzymatic substrate for lyso-
zyme and is generally used to detect bactericidal activity.***”
As shown in Fig. S2, rhLYGI1 could not lyse M. lysodeikticus,
while human lysozyme (positive control) exhibited high bacte-
riolytic activities. The results suggested that LYG1 possessed no
bacteriolytic function.
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Previous studies have reported that lysozymes exert antitu-
mor activity via different mechanisms, including via the
immune system.'”* To test whether LYG1 could have antitu-
mor functions, B16 graft melanoma model was adopted. B16
tumor cells were inoculated s.c. into B6 mice, and rhLYGI1
(diluted in PBS) or PBS (control) was injected i.p. each day after
tumors were established (30-80 mm?). Tumor growth was sig-
nificantly suppressed upon rhLYG1 treatment in a dose-depen-
dent manner (Fig. 2A and B). In addition, tumor weights
(Fig. 2C) and B16 tumor cell numbers (Fig. 2D) also decreased
in mice treated with rhLYG1, suggesting that LYG1 might have
antitumor effects. Importantly, no apparent adverse effect was
observed in the tumor-bearing mice with rhLYGI1 treatment,
suggesting the safety of using rhLYGI. Similar result was
obtained by intra-tumor injection of rhLYG1 (Fig. S3A and B).
Given that rhLYGI itself had no direct effects on B16 cell
growth in vitro (Fig. 2E), its antitumor effects might involve
other mechanisms, such as immune system. Therefore, SCID-
beige mice which lack T, B, and NK cells and Ragl™~ mice
which lack T and B cells were used in B16 graft melanoma
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Figure 2. Antitumor function of LYG1 is dependent on lymphocytes. (A-D) rhLYG1 inhibited B16 melanoma growth (n = 6-8 per group; one representative experiment
was shown). B6 mice were inoculated s.c. with 2x 10° B16 cells in the axilla, and rhLYG1 (5 ng or 20 11g) or PBS as a control was injected i.p. every day. Arrows represent
the beginning of protein administration. (A) The tumor growth curve. (B) Excised tumors. (C) Tumor weights and (D) B16 cell numbers of excised tumors are shown. (E)
CCK-8 assay of B16 cells with or without the addition of the indicated concentration of rhLYG1 in vitro. (F-G) B16 tumor progression following treatment with 20 g

rhLYG1 or PBS in SCID-beige mice (F) (n = 4 per group) or in Rag1 ™"~

mice (G) (n = 5 per group). Arrows represent the beginning of protein administration. Results are

representative of three independent experiments and expressed as the mean & SEM, *p < 0.05 and ™p < 0.01, LYG1-20 ug (or LYG1-5 11g) compared with PBS in
Fig. 2A, LYG1-20 ug (or LYGT-5 ng) compared with PBS and LYG1-20 ;.g compared with LYG1-5 pg in Fig. 2C and D.
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model. As shown in Fig. 2F and G, LYGI failed to inhibit tumor
growth in both strains, suggesting that the antitumor effect of
LYGI was dependent on lymphocytes.

LYG1 antitumor effect was dependent on T cells

To determine the mechanisms of LYGI1-mediated tumor inhibi-
tion, we first examined tumor-infiltrating lymphocytes (TILs),
including CD4" T, CD8* T, NK, and B cells, in the tumor-bear-
ing mice treated with 20 g rhLYG1 or PBS. As shown in
Fig. 3A, the numbers of CD4" T cells and CD8" T cells in TILs
normalized to the numbers of tumor cells were drastically higher
in thLYGI group than in PBS-injected controls, showing 3-folds
and 2.5-folds, respectively. There was no obvious difference for B
and NK cells. Lymphocytes in the tumor draining lymph nodes
(TDLNs) and spleens were also measured. In accordance with
the TIL results, LYG1 treatment resulted in an increase of CD4™"
T cells and CD8" T cells in both TDLNs and spleens, although a
less extent than in TILs. No difference in B and NK cells was
observed (Fig. 3B and C). The enrichment of T cells in tumors
suggested that LYGI might promote the expression of chemo-
kines that recruit T cells. Therefore, we examined the expression
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of seven chemokines (CCL3, CCL4, CCL5, CCL8, CXCL9,
CXCL10, and CXCLI11) within the tumor under rhLYGI ip.
injection and intra-tumor injection. In both situations, CCL5,
CXCL9, CXCL10, and CXCL11 were upregulated in rhLYG1
group than in PBS group and the increase of CXCL9 was most
obviously (Fig. 3D and Fig. S3C). These results indicated LYG1
could increase the expression of some T cell chemokines in
tumor microenvironment. To test whether the antitumor effect
was dependent on T cells, CD4" T and CD8" T cells were
depleted using anti-CD4" and anti-CD8" monoclonal antibodies
(mAbs) separately in the B16 graft melanoma mouse model. The
blocking efficiencies using mAbs were greater than 95% (Fig. S4).
As illustrated in Fig. 3E and F, the antitumor effect of LYG1 was
abrogated after the individual depletion of CD4" T or CD8* T
cells. Taken together, the above results showed that LYG1 could
inhibit B16 tumor growth, and the antitumor effect was depen-
dent on T lymphocytes.

LYG1 promoted IFNy production by CD4" T cells

To explore how the antitumor function of LYG1 was medi-
ated by T cells, the effect of LYG1 on the cytokine production
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Figure 3. T cells mediate the antitumor function of LYG1. (A-C) The absolute numbers of CD4* T, CD8™ T, B, and NK cells in (A) TILs, (B) TDLNSs, and (C) spleens in B16
tumor-bearing mice treated with 20 pg rhLYG1 or PBS as outlined in Fig. 2A, n = 6-8 per group. (D) Chemokines were examined by gPCR in excised tumors, n = 3 per
group. Data were expressed as ratio of LYG1/PBS. More than one indicated upregulation upon LYG1 injection. (E and F) B16 tumor progression following treatment with
20 119 LYG1 or PBS and depletion of (E) CD4™ T cells or (F) CD8" T cells. Arrows represent the beginning of protein administration, n = 6-8 per group. Results are repre-
sentative of three independent experiments and expressed as the mean & SEM, “p < 0.05 and “*p < 0.01 compared with PBS.



of T cells was analyzed. First, splenocytes from B6 mice were
stimulated with anti-CD3/anti-CD28 mAbs with different
concentrations of rhLYGI (1, 10, and 100 ng/mL) or medium

alone (no rhLYGl protein) added into the culture
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supernatant. Fig. 4A showed that LYG1 could promote IFNy
secretion at a range of low concentrations and the effect fitted
a bell-shaped curve with the optimum concentration of
10 ng/mL. As negative controls, Myc-6xhis tag peptide
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Figure 4. LYG1 elicits CD4™ T cell-mediated tumor immunity by promoting IFNy production. (A) IFNy, IL-4 and IL-17A production by splenocytes treated with or without
different concentrations of rhLYG1 and stimulated with coated anti-CD3 (1 xg/mL) and soluble anti-CD28 mAbs (0.5 pcg/mL) for 48 h. Medium (LYG1 not added), Myc-
6xhis peptide (10 ng/mL) and LYG1-heated (10 ng/mL) were used as negative controls. IFNy, IL-4 and IL-17A concentrations in the culture supernatants of cells were mea-
sured by ELISA, and the results are shown on the vertical axis. (B) Naive CD4™ T cells or CD8" T cells were isolated from LNs of WT B6 mice and stimulated with coated
anti-CD3 (2 g/mL) and soluble anti-CD28 mAbs (1 wg/mL). Various concentrations of rhLYG1 were added during the process. IFNy concentrations in the culture superna-
tants of cells were measured by ELISA, and the results are shown on the vertical axis. (C) Single-cell suspensions isolated from TIL, TDLN, and spleen (SP) of tumor-bearing
mice treated with 20 g LYG1 or PBS were stimulated with PMA and ionomycin for 5 h and then tested for the expression of IFNy by flow cytometry, n = 6-8 per group.
The percentages of IFNy™ cells gated on CD4" T cells (left) and CD8™ T cells (right) are shown on the vertical axis. (D) B16 tumor progression and weights in WT and
Ifng™~ mice treated with 20 1.g LYG1 or PBS, n = 4-5 per group. Arrows represent the beginning of protein administration. This panel shows a representative statistical
result of three independent experiments. Data are expressed as the mean =+ SEM, *p < 0.05 and **p < 0.01 compared with medium or PBS.
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(Myc-his) or heated LYG1 (LYGI1-heated) showed no effects,
ruling out the possibility of effect due to the addition of Myc-
6xhis tag or the low level of endotoxin in rhLYGI. IL-4 and
IL-17A, main cytokines produced by Th2 and Thl17 cells,
showed no significant changes upon LYGI stimulation
(Fig. 4A). As both CD4" and CD8" T cells could produce
INFy, the effect of LYG1 on naive CD4" T cells and CD8" T
cells were then evaluated under concentrations of 0.1, 1, 10,
and 100 ng/mL. As demonstrated in Fig. 4B, LYG1 remark-
ably increased IFNy secretion by naive CD4™" T cells, showing
a bell-shaped curve effect with the optimum concentration of
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10 ng/mL, similar to the effect on splenocytes (Fig. 4A). How-
ever, LYG1 could not enhance IFNy secretion by CD8" T
cells (Fig. 4B). These data highlighted a direct role for LYG1
in promoting IFNy production by CD4" T cells in vitro.

Next, to evaluate the effect of LYG1 on T cells in vivo, the
expression of IFNy in CD4" and CD8" T cells in TILs, TDLNS,
and spleens from tumor-bearing mice were tested by flow cytom-
etry. As shown in Fig. 4C, higher percentage of IFNy™ cells were
observed in both CD4™ and CD8" T cells in TILs, TDLNs, and
spleens, suggesting the IFNy promoting effect of LYGI in vivo.
As LYGI1 showed no INFy promoting effect on CD8" T cell in
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Figure 5. LYG1 promotes the activation, expansion, and IFNy production of tumor antigen-specific CD4" T cells. B6 mice were inoculated s.c. with irradiated B16-OVA
cells. After 10 days, the splenocytes were isolated, stimulated with OVAs,3 330 in the presence of rhLYG1 (0, 1, 10, or 100 ng/mL) and then analyzed for activation, prolifer-
ation, and IFNy production gated on CD4™ T cells by flow cytometry on day 3 or day 5. (A) The expression of CD69. The frequencies of CD69-expressing cells gated on
CD4™" T cells are shown on the vertical axis on day 3 or day 5. (B) Proliferation was determined by the CFSE dilution assay. The percentages of CD4™ T cells that had
divided at least once are indicated on day 3 or day 5. (C) The expression of IFNy on day 5. The percentages of IFNy™ cells gated on CD4™ T cells are shown on the vertical
axis. (D) Naive CD4™ T cells from OT-Il mice were stimulated with irradiated OVAs;,3_339-pulsed DCs with the addition of the indicated concentration of rhLYG1. The expres-
sion of IFNy at 24 h was measured by ELISPOT. One representative of three independent experiments was shown for each figure. Data are shown as mean + SEM, “p <

0.05 and **p < 0.01 compared with medium (LYG1 not added).



vitro (Fig. 4B), the observed promoting effect in vivo may due to
indirect activation. Further, to investigate whether the effector
molecule IFNy was essential for the antitumor function of LYG1,
Ifng™’~ mice were used to establish the B16 graft melanoma
model. However, with the deficiency of INFy, the antitumor
effect of LYGI1 was abrogated (Fig. 4D). Ifng’~ mice showed
larger tumors compared with WT mice (Fig. 4D), which recon-
firmed the critical role of IFNy in antitumor immunity. Our data
suggested that the antitumor effect of LYGl was mediated
through promoting INFy production by CD4™ T cell.

LYG1 promoted the activation, expansion, and IFNy
production of tumor antigen-specific CD4" T cells

To further explore the antitumor mechanism of LYG1, its effect
in the tumor antigen-specific response mediated by CD4* T
cells was evaluated. WT B6 mice were inoculated with irradi-
ated B16-OVA (ovalbumin) cells. The splenocytes were isolated
10 d after inoculation and stimulated with OV A;,5_339, which
can stimulate OVAs,s_sso-specific CD4" T cell immune
responses, in the presence of rhLYGI (1, 10, and 100 ng/mL).
The activation, expansion, and IFNy production of tumor anti-
gen-specific CD4" T cells were then examined. Compared with
the medium control, LYGI could increase the expression of
CD69, an early activation marker of T cell, from Day 3, and
even higher on Day 5, in a bell-shaped curve way (Fig. 5A).
LYGI could also promote the proliferation of tumor antigen-
specific CD4™ T cells as determined by dilution of the CFSE
signal (Fig. 5B). Furthermore, LYG1 could increase the IFNy
production by tumor antigen-specific CD4" T cells at the indi-
cated three concentrations on Day 5 (Fig. 5C). To test whether
LYGI could directly promote the response of antigen-specific
CD4" T cells without the effects of other lymphocytes, naive
CD4" T cells were isolated from OT-II mice and co-cultured
with OV Aj;,3 339-pulsed DCs in the absence or presence of
rhLYG1 (0, 1, 10, and 100 ng/mL). More IFNy producing
CD4" T cells were identified in rhLYG1 stimulation group
than in medium control group, as determined by ELISPOT
assay (Fig. 5D). This result reinforced that LYG1 could pro-
mote antigen-specific response mediated by CD4™ T cells.

Lyg1 knockout accelerated tumor growth and inhibited
tumor-specific T-cell immune responses

Conventional Lygl KO mice were constructed to understand
the physiologic role of LYGI in antitumor response (Fig. S5).
No obvious changes in the main organs (data not shown), or
abnormalities of immune system, including development and
cell frequency of T, B, and NK cells, were observed in Lygl ™~
mice (Fig. S6). However, when establishing B16 graft mela-
noma model using Lygl "~ and littermate Lygl™"* mice, Lygl
KO mice exhibited accelerated tumor growth (Fig. 6A), reduced
numbers of CD4" T and CD8™ T cells in the TILs, TDLNs, and
spleens (Fig. 6B). The KO mice also displayed decreased IFNy
producing by T cells (Fig. 6C). In addition to B16 melanomas,
the progression of LLC-1 was also tested in Lygl '~ and litter-
mate Lygl™" mice. Similar results were observed for LLC-1
tumors (Fig. 6D), suggesting that the antitumor effect of LYG1
was not limited to B16 melanomas.

ONCOIMMUNOLOGY e1292195-7

Next, the tumor antigen-specific CD4™ T cell response was
examined in B16-OVA tumor-bearing Lygl "~ mice. Fig. 6E
and F indicated decreased CD69 expression and INFy produc-
tion in CD4" and CD8" T cells in Lygl ™'~ mice. Therefore,
LYG1 deficiency inhibited the effector functions of tumor-spe-
cific T cells.

Discussion

Using immunogenomics strategy, our group have identified
and explored the function of several potential cytokines.'’* In
this study, we reported LYGI, another molecule identified
using the same strategy. We have verified the secretion of
LYGI, purified adequate recombinant protein with high quality
and explored the function, both in vitro and in vivo, using
rhLYGI and gene-knockout mice.

LYGI was a classic secretory protein with the first 19 amino
acids as signal peptide. Although LYGI contains a goose egg
white lysozyme (GEWL) domain, it shows almost no bacterio-
Iytic activity on M. Ilysodeikticus. This could be due to the
extremely low sequence identity with human lysozymes,
although it shares low homology (40%) with LYG2, which was
proved to inhibit Gram-positive bacterial growth.'® Evolutionary
immunology studies discovered that the mammalian lysozyme
G sequences evolved at an accelerated rate and did not perfectly
conserve the known active site catalytic triad of bird enzymes.*®

Lysozymes have been reported to inhibit tumor
growth.'”?* Therefore, we performed a series of experi-
ments to evaluate the function and mechanisms of antitu-
mor effect of LYGl. We found that rhLYG1 could
significantly suppress the growth of B16 tumors in a dose-
dependent way. The antitumor effect was mediated by lym-
phocytes based on the following evidences: (1) no direct
inhibition was observed for LYG1 on B16 cells in vitro; (2)
the antitumor effect was abrogated in SCID-beige mice and
Ragl™"~ mice, both of which lack lymphocytes. We then
analyzed how LYGI affects lymphocytes to exert its antitu-
mor function. TILs often associated with a better outcome
in several cancer types, such as melanoma, colorectal can-
cer, and ovarian cancer.”’> We found that LYGI treatment
could increase the CD4" T and CD8" T cells, but not B
cells or NK cells, in TILs, TDLNs, and spleens, suggesting
that LYG1 seems to exert antitumor function through T
cells. This was validated by depleting either CD4* or CD8"
T cells using mAbs, in which situations the antitumor effect
was abrogated, confirming the dependence on both CD4"
and CD8" T cells. rhLYGl-induced upregulation in the
expression of chemokines within tumors is associated with
increased T-cell infiltration and antitumor response, which
is consistent with the previous studies.’®’' Our data showed
that LYGI could increase the chemokine secretion in the
tumor microenvironment.

Next, we analyzed the effect of LYG1 on CD4" and CD8" T
cells, in vitro and in vivo. LYGI could promote splenocytes to
secret IFNy, but not IL-4 or IL-17A. Further, we confirmed
that LYGI can only promote CD4", but not CD8* T cells, to
produce IFNy in vitro. Moreover, LYGI could promote the
activation, proliferation, and IFNy production of tumor
antigen specific-CD4" T cells. These data suggested that LYG1
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Figure 6. Lyg1 knockout accelerates in vivo tumor growth and inhibits tumor-specific T cell immune responses. (A) B16 tumor progression in Lyg1~"~ and Lyg1™* mice.
(B) The numbers of CD4* T and CD8™ T cells in the TILs, TDLNs, and spleens. (C) IFNy production by T cells in the spleens of tumor-bearing mice. n = 10-12 per group

for A-C. (D) LLC-1 tumor progression in Lyg7~'~ and Lyg1™*

mice, n = 4-5 per group. (E) The expression of CD69 and (F) IFNy on tumor antigen-specific CD4™ T cells in

Lyg1™"~ mice and Lyg1*"* mice on day 5 as described methods in Fig. 5, n = 3 per group. Data are expressed as the mean & SEM, *p < 0.05 and **p < 0.01 compared

with Lyg1™* mice.

possessed direct promoting effects on CD4* T cells. However,
in vivo experiments showed that in addition to CD4™" T cells,
LYGI could also promote CD8™ T cells to produce IFNy. This
may due to the priming effect of CD4™ T cells, which could
augment tumor-specific CD8" T cell responses via cytokine
production, such as IL-2 and IFNy.**** This could also explain
why the antitumor effect of LYG1 was also dependent on
CD8*' T cells. It seemed that two steps happened in LYG1
mediated antitumor functions. First, LYG1 promoted the
tumor antigen-specific CD4" T cells to proliferate and produce
large amount of IFNy, which in turn enhanced the tumor-

killing function of CD8" T cells and thus inhibited the tumor
growth.

In the whole process, IENy seems to be the key effector mol-
ecule in antitumor response. This was confirmed by the abro-
gation of antitumor effect of LYGI in Ifng ’~ mice. IENy plays
an essential role in regulating T cell-mediated tumor immune
responses. It can up-regulate MHC molecules on tumor cells,
increase T cell recognition, enhance cytotoxicity of CD8" T cells
and suppress tumor angiogenesis.”>>* Our data also reinforced
the critical antitumor effect of IFNy, as Ifng '~ mice showed
severe tumor progression and tumor weight than WT mice.



Furthermore, we used Lygl ™'~ mice to validate the tumor-
inhibiting effect of LYG1. Lygl ™/~ mice showed accelerated
tumor growth than WT mice, this may be due to the decreased
T cell number in TILs, TDLNs, and spleens, and the deficiency
of INFy production by T cells. The tumor-inhibiting effect of
LYGI may be effective on different cancer types, as we found
the deficiency of LYGI could result in accelerated LLC1 tumor
growth, which is a Lewis lung carcinoma cell line.

LYGI possesses some basic features of cytokines, such as fol-
lows: (1) it is a classical secreted protein with a typical signal
peptide; (2) it has a small molecule size with only 175 amino
acids in the mature protein; and (3) it shows immune-regula-
tory effects at a range of low concentrations exhibiting a bell-
shaped curve. Cytokines exert functions through binding to
their specific receptors.'> However, the receptor of LYGI has
not yet been identified. In summary, our study identified LYG1
as a novel secretory protein showing some cytokine features. It
could inhibit tumor growth through promoting the activation,
proliferation, and function of CD4% T cells without safety
issues, offering a potential implication for tumor therapy.

Materials and methods
Mice

Six- to eight-week-old female C57BL/6 (B6) and SCID-beige
mice were purchased from Vital River Laboratories. Ifng™’~
mice (B6.129S7-IFNytm1Ts/]) were purchased from the Model
Animal Research Center of Nanjing University. Ragl "~ (B6
background) mice and OT-II mice (OVAsj,; 339 peptide-spe-
cific CD4" TCR transgenic mice, B6 background) were gener-
ous gifts from Dr. Qing Ge (Peking University, Beijing, China).
The Lygl conventional knockout mice were generated by the
RIKEN Yokohama Institute (Yokohama, Japan). Homozygous
knockout (KO) or transgenic mice and the littermate wild-type
(WT) mice were used for all related experiments. All mice were
bred in the animal breeding facilities at Peking University
Health Science Center under specific pathogen-free conditions,
and all studies were approved by the Ethics Committee of
Peking University Health Science Center.

Cell culture

B16 cells, B16-OVA cells (an OVA-transfected clone derived
from the murine melanoma cell line B16,” a kind gift from
Jing Huang, Peking University), HEK293T cells, and Lewis
lung carcinoma cells (LLC1) were obtained from our collabora-
tors and maintained in DMEM (Gibco, 8116167) supplemented
with 10% FBS (Hyclone, SH30084.03). All lymphocytes and
splenocytes were cultured in RPMI 1640 medium (Gibco,
8116163) supplemented with 10% heat-inactivated FBS. All
cells were grown at 37 °C in a humidified incubator containing
5% COs.

Vector construction

The open reading frame of LYG1 was amplified using human
spleen and fetal liver mixed cDNA libraries (Clontech, Cat. No.
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636743 and 636748) as templates with the forward primer 5'-
GCGGCCGCCACCATGTCTGCATTGTGGCTGCTGC-3' and
the reverse primer 5-GGTACCGCGAAGCCATGTCTCTT-
GAGGTACTTG-3'. The amplification were purified and subcl-
oned into pcDNA3.1/myc-His(—)B (Invitrogen, V855-20) after
digestion with NotI and Kpnl (named pcDB-LYGI1).

Expression profile by PCR and real-time PCR

The human multiple tissue ¢cDNA libraries and immune
system tissue cDNA library were purchased from Clontech.
Nested PCR was performed to test the expression profile of
LYG1 with the following primers: the external forward
primer: 5'-TTTCAGGAGCCGTAGAGCC-3'; the external
reverse primer: 5-TGATCATGGTCTTGGGTTT-3’; the
internal primers were the same pair used in vector con-
struction. Quantitative PCR (qPCR) was performed using
primers of 5~-CCTGCCGTGATCGCTG-3" and 5'-ACTAC-
TAGAATCAAA-3 on ABI PRISM 7000 Sequence Detec-
tion System (Applied Biosystems). All samples were
normalized against GAPDH using the comparative Ct
method (ddCt).

Secretion verification, expression, and purification of LYG1

LYGI was overexpressed in HEK293T cells via transfection of
pcDB-LYG1. BFA block assay was performed as described pre-
viously.'” Supernatant and cell lysate were examined by West-
ern blot. The rabbit anti-LYG1 polyclonal antibody (1 pg/mL)
generated in house and HRP-conjugated goat anti-rabbit IgG
(1:5,000 dilution, Cell Signaling Technology, 7074) were used
as the primary and secondary antibody, respectively. An effi-
cient transient expression system was established in HEK293F
cells as described previously method (with its native signal pep-
tide) to obtain sufficient recombinant protein with high-qual-
ity.’® Supernatants were collected and purified by affinity
chromatography using Ni-Sepharose 6 Fast Flow column
(GE Healthcare, 11-0008). SDS-PAGE followed by Coomassie
brilliant blue staining was conducted to assess the purity of
rhLYG1 protein. BCA protein assay (Pierce, 23225) was per-
formed to measure the concentration. BioWhittaker Limulus
Amebocyte Lysate QCL™1000 pyrogen testing (LONZA, 50—
648U) was used to detect the endotoxin level of purified
rhLYG1 protein.

Bacteriolytic assay

Micrococcus lysodeikticus (M. lysodeikticus) bacterial cell was
purchased from Sigma (MO0508). 0.015% lyophilized M.
lysodeikticus suspension in 66 mM potassium phosphate buftfer,
pH 6.24 (buffer A) was prepared at 25 °C to obtain a constant
absorbance between 0.7 and 0.8 at 450 nm. Different final con-
centrations of LYGI or human lysozyme (Sigma, L6876) were
prepared in cold buffer A and were added into the cuvettes con-
taining the bacterial suspension. The absorbance at 450 nm was
measured after 5 min reaction. The decrease in absorbance at
450 nm indicated bacteriolytic activity against M. lysodeikticus.
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Cell proliferation assay

Cell proliferation was analyzed using the Cell Counting Kit-8
(CCK-8, Dojindo Laboratories, CK04). The B16 cells were
seeded in 96-well plates at a density of 3,000 cells/100 uL per
well in triplicate and incubated with different concentrations of
rhLYG1 (0, 1, 10, and 100 ng/mL). 10 uL CCK-8 solution was
added into each well at indicated time point. After 2 h, 450nm
and 630 nm absorbance were measured.

Graft tumor models

For B16 melanoma model, mice were inoculated subcutane-
ously (s.c.) with 2 x 10° B16 cells in the axilla (day 0). Tumors
were measured along two orthogonal axes (a = length, b =
width) and tumor volume was calculated by the formula: vol-
ume = a x b?*/2. rhLYG1 or PBS was injected intraperitoneally
(i.p.) every day or intra-tumor every other day after tumors
were established (tumor volume 30-80 mm?®, approximately 6-
8 d). Tumors were excised and weighed. TILs were isolated
using Percoll (GE Healthcare, 17-0891) and tested for different
lymphocyte populations by flow cytometry. The numbers of
lymphocytes were normalized to the numbers of tumor cells
(per 10”). mRNA was extracted from excised tumors and che-
mokines were examined by qPCR (Primers in Table 1).

For Lewis lung carcinoma model, mice were injected s.c. with
1 x 10° LLC1 cells in the axilla. Tumor volumes and weights
were measured using the same method described above.

In vivo depletion of CD4* and CD8" T cell

Mice were injected i.p. with 0.5 mg rat anti-CD8" (clone 2.43) or
anti-CD4" (clone GK1.5) mAbs or rat IgG (Beijing Zsbio. Co.,
ZDR-5008) in 200 nL PBS on day 1 before injection of thLYGI.
Antibodies were injected every 3 d afterward to maintain the
depletion. The depletion of CD4" and CD8" T cells were consis-
tently greater than 95% as determined by flow cytometry. The
anti-CD8" and anti-CD4" mAbs were kindly provided by
Dr Xiaoyan Qiu (Peking University, Beijing, China).

Activation, expansion of mouse T cells

CDh4t T cells, CD8" T cells, or naive CD4"t T cells
(CD4*CD621L18PCD25~CD44'°%) were sorted from the LNs of

Table 1. Primers used in qPCR to examine mouse chemokines. qPCR was per-
formed for quantitative analyses in an ABI Prism 7000 Sequence Detection System
(Applied Biosystems). Amplifications were performed using Universal Probe Library
(UPL) probes. The quantification data were analyzed with ABI Prism 7000 SDS soft-
ware. The expression levels of the target genes were normalized to the internal
standard gene GAPDH.

Chemokine Primers-forward (5'-3') Primers-reverse (5'-3')
cas CCATGACACTCTGCAACCAA GTGGAATCTTCCGGCTGTAG
CCL4 GCCCTCTCTCTCCTCTTGCT GGAGGGTCAGAGCCCATT
CCLs TGCAGAGGACTCTGAGACAGC GAGTGGTGTCCGAGCCATA
CccLs TTCTTTGCCTGCTGCTCATA GCAGGTGACTGGAGCCTTAT
CXCL9 CTTTTCCTCTTGGGCATCAT GCATCGTGCATTCCTTATCA
CXCL10 GCTGCCGTCATTTTCTGC TCTCACTGGCCCGTCATC
CXCL11 TGCTGAGATGAACAGGAAGGT CGCCCCTGTTTGAACATAAG
GAPDH CACCAACTGCTTAGCCCCC TCTTCTGGGTGGCAGTGATG

mice by FACSAria cell sorter (BD Biosciences). The sorted T
cells or splenocytes were cultured in 48-well plates (5 x 10°/
500 L) coated with 2 pug/mL (or 1 pg/mL) anti-mouse CD3e
(BD Biosciences, 553057) in the presence of 1 pug/mL (or
0.5 wug/mL) soluble anti-mouse CD28 (BD Biosciences,
553294) and different concentrations of rhLYGI (0, 1, 10, and
100 ng/mL) for 48 h.

For in vitro activation of tumor antigen-specific T cells, B6
mice were injected with 1 x 10° 200 Gy-irradiated B16-OVA
cells s.c. in the axilla. After 10 days, splenocytes were obtained
and stimulated with 1 ug/mL OVAsjj; 339 peptide (Chinese
Peptide Company, Hangzhou, MISC-011B) with or without
different concentrations of rhLYG1 for 3 or 5 d. CD69 and
IFNy expression was analyzed by flow cytometry. For prolifera-
tion assay, splenocytes were labeled with CFSE (Invitrogen,
C34554) and stimulated with 1 pg/mL OVAj,; 339 peptide in
the presence of different concentrations of rhLYG1 (0, 1, 10,
and 100 ng/mL) and then detected by flow cytometry.

For antigen-specific stimulation of naive CD4" T cells from
OT-II mice, dendritic cells (DCs) were first prepared. Spleens
from WT B6 mice were cut into pieces, and treated with 2 mg/
mL collagenase (Roche, 11088858001) and 20 U/mL DNase I
(Sigma, D4263) for 90 min with 10 mM EDTA added for the
last 10 min. The whole process was under 250 rpm centrifuga-
tion at 37 °C. Interface cells containing DCs were recovered by
using Ficoll/Hypaque density gradient centrifugation at
2,500 rpm for 20 min and subjected to cell sorting to obtain
CD11c* DCs. DCs were then pulsed with 1 ug/mL OVAs,;3_339
overnight and irradiated at 30 Gy and then cocultured with
naive CD4" T cells sorted from LNs of OT-II mice (DC:T =
1:10) with different concentrations of rhLYG1 (0, 1, 10, and
100ng/mL) for 24 h. IFNy producing cells were detected by
ELISPOT (Dakewe Biotech Co., Ltd., DKW22-2000-096s).

Flow cytometry, antibodies, and ELISA

Flow cytometry was performed using the following anti-mouse
antibodies: PE-Cy7-CD45 (eBioscience, 25-0451), PerCP-Cy5.5-
CD4" (BD Biosciences, 553052), FITC-CD8" (eBioscience,
11-0081), PE-NKI1.1 (eBioscience, 12-5941), APC-B220 (Biole-
gend, 103212), FITC-CDllc (eBioscience, 11-0114), FITC-
CD44 (eBioscience, 11-0441), PE-CD62L (Biolegend, 104408),
APC-CD25 (eBioscience, 17-0251), PE-CD69 (eBioscience, 12—
0691), and APC-IFNy (Biolegend, 505810). Single-cell suspen-
sions prepared from the spleen, lymph node (LN), thymus,
bone marrow, or TILs were kept on ice and blocked by incuba-
tion with anti-Fc receptor antibody in PBS. For membrane mol-
ecule analysis, cells were labeled with fluorescent conjugated
antibodies at 4 °C for 30 min followed by two washes with cold
PBS. For cytokine analysis, cells were stimulated ex vivo with
50 ng/mL PMA (Sigma, P1585) and 500 ng/mL ionomycin
(Sigma, 13909) in the presence of GolgiStop (BD Biosciences,
554724) for 5 h before cells were harvested for analysis. Cells
were first stained with surface markers and then fixed and per-
meabilized with Cytofix/Cytoperm kit (BD Biosciences, 554714)
according to the manufacturer’s instructions for intracellular
staining. Flow cytometry analysis was performed on FACSVerse
or FACSCalibur flow cytometer (BD Biosciences) and analyzed
with FlowJo software. IFNy, IL-4, and IL-17A in supernatants



were measured by ELISA (eBioscience, Ready-Set-Go! 88-7314,
88-7044 and 88-7371) according to the manufacturer’s
instructions.

Statistical analysis

The data are expressed as the mean + SEM and tested for sta-
tistical significance with Student’s t-test using GraphPad Prism
5 software. “p < 0.05, **p < 0.01, and ™p < 0.001.
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