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Cancer is a leading cause of death worldwide, accounting for nearly 10 million deaths. Among breast cancers (BC) subtypes, triple-negative (TN)
BC is characterized by metastatic progression and poor patient prognosis. Although TNBC is initially sensitive to chemotherapy, many TNBC
patients rapidly develop resistance, at which point metastatic disease is highly lethal. Cancer cells present phenotypic changes or molecular
signatures that distinguish them from healthy cells. The Tn antigen (GalNAc-O-Thr/Ser), which constitutes a powerful tool as tumor marker,
was recently reported to contribute to tumor growth. However, its role in BC-derived metastasis has not yet been addressed. In this work, we
generated a pre-clinical orthotopic Tn*t model of metastatic TNBC, which mimics the patient surgical treatment and is useful to study the role of
Tn in metastasis and immunoregulation. We obtained two different cell clones, which differed in their Tn antigen expression: a high Tn-expressing
and a non-expressing clone. Interestingly, the Tn-positive cell line generated significantly larger tumors and higher degree of lung metastases
associated with a lower survival rate than the Tn-negative and parental cell line. Furthermore, we also found that both tumors and draining-lymph
nodes from Tn*-tumorbearing mice presented a higher frequency of CD4+ FoxP3™ T cells, while their splenocytes expressed higher levels
of 1-10. In conclusion, this work suggests that the Tn antigen participates in breast tumor growth and spreading, favoring metastases to the
lungs that are associated with an immunoregulatory state, suggesting that Tn-based immunotherapy could be a strategy of choice to treat these

tumors.
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Introduction

Breast cancer (BC) is the first cancer in terms of incidence
among women and the main cause of death by cancer in
women worldwide [https://www.who.int/cancer/ (2021)]. In
the last 20 years, breast cancer mortality has continuously
decreased as a result of mass screening programs and early
diagnosis, but also as a consequence of improved treatment
for both localized and metastatic disease (Scimeca et al.
2019; Thomas et al. 2019). Nevertheless, despite surgery and
endocrine or targeted therapies, the morbidity and mortality
of BC remain highest in female patients, with metastasis
being invariably responsible for patient death in this type
of cancer (Redig and McAllister 2013). Therefore, more
research directed into this area may lead to novel biomarkers
or treatments for metastasis, thereby enhancing the survival
rates in breast cancer patients.

The triple negative BC (TNBC) subtype is characterized
by metastatic progression, poor patient prognosis, and is
identified by the absence of biomolecules that form the
basis for targeted therapies for the other BC subtypes,
namely estrogen receptor, progesterone receptor, and Her2
(Yin et al. 2020). It accounts for 15-20% of breast cancer
cases, for which there are currently no approved targeted
therapies (Yin et al. 2020). They are heterogeneous tumors

with aggressive phenotype and higher relapse rate (Abramson
and Mayer 2014). Moreover, compared to other BC subtypes,
TNBCs are less differentiated and prone to metastasize within
5 years of diagnosis leading to shorter overall survival of
patients when compared to other BC subtypes (Giuli et al.
2019; Park et al. 2019). Finally, although TNBC is initially
highly sensitive to chemotherapy, many TNBC patients
rapidly develop resistance leading to highly lethal metastasis
(Garrido-Castro et al. 2019).

Cancer cells present phenotypic changes or molecular
signatures that distinguish them from healthy cells. Some
of these signatures are glycans, being the result of a series
of alterations in the glycosylation pathways of proteins
or lipids on these cells (Pinho and Reis 2015; Munkley
and Elliott 2016; Mereiter et al. 2019; Peixoto et al.
2019). Apart from representing tumor markers, these glycan
motifs have functional implications in potentiating tumor
progression, spreading and invasiveness (Freire and Osinaga
2012). In particular, the Tn antigen (GalNAc-O-Thr/Ser) has
been described in most adenocarcinomas whereas it is not
found in normal tissues (Chia et al. 2016; Fu et al. 2016).
Thus, it constitutes a powerful tool as tumor marker, for
cancer clinical diagnosis and follow-up studies (Freire et al.
2006; Freire and Osinaga 2012). Indeed, Tn levels have
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prognostic value in breast, ovarian, pancreas, gastric and
biliary tract cancer patients (Kolbl et al. 2016). Also, the
expression of Tn has been correlated with an unfavorable
clinical outcome, decreased survival of cancer patients and
high metastatic potential of cancer cells (Freire and Osinaga
2012; Hofmann et al. 2015; Kolbl et al. 2016). Moreover,
in vitro data have suggested that the Tn antigen might
contribute to the adhesion or invasiveness of cancer cells, and
consequently, participate in the metastasis process (Gill et al.
2013; Matsumoto et al. 2013; Bapu et al. 2016; Dong et al.
2018). Recent works indicate that the Tn antigen promotes
human colorectal cancer metastasis and induces epithelial
to mesenchymal transition of cancer cells (Liu et al. 2019).
Nevertheless, the mechanisms underlying these phenomena
are not completely understood, in particular whether the Tn
antigen may play a causative role in the metastatic process
through immune evasion in TNBC.

Tumor-associated carbohydrate antigens can shape the
malignant phenotype of tumor cells or suppress anti-tumor
immunity, contributing to tumor growth (Freire and Osinaga
2012; Kolbl et al. 2016). Recent studies have suggested a main
role of Tn antigen in tumor growth, although xenografted
experimental tumor models were used, with limitations on the
study of the immune system and generation of metastases (Liu
et al. 2019). However, recent data of our and other research
groups, have confirmed the role of the Tn antigen favoring
tumor cancer growth and immunoregulation (Dusoswa et al.
2020; da Costa et al. 2021). Nevertheless, the function of
this antigen in the modulation of the immune system during
the metastatic process has not been described yet. In this
work, we provide evidence of the role of the Tn antigen in the
TNBC-induced metastasis and in immune evasion through
the generation of regulatory T cell lymphocytes.

Results
Cosmc deficiency induces the expression of Tn
antigen on 4T1 cells

We first developed a Tn-expressing TNBC cell line as the
main approach to understand the role of this antigen in tumor
growth, metastasis and immunoregulation. Thus, Tn™ cells
were generated using the TNBC 4T1 cell line (4T1-wt) and
knocking out Cosmc in these cells using the CRISPR/Cas9
gene editing (Figure 1A). Transfected cells were selected by
eGFP expression followed by single cell deposition sorting.
Two different cell clones were selected, a Tn* (4T1-Tn%)
and a Tn~ (4T1-Tn™). The expression of Tn was analyzed
by recognition with the anti-Tn monoclonal antibody (mAb
83D4), which only reacted with the Tn™ cell clone, while
no 83D4 binding was detected in the parental (wt) and
Tn~ cell lines (Figure 1A). This antibody was used since it
binds both trimeric and dimeric Tn on cancer cells (Osinaga
et al. 2000). Then, different lectins, recognizing carbohydrate
structures present in O- or N-glycans were used (Figure 1B).
Lectin recognition with the anti-Tn lectin from Vicia vil-
losa (VVL) showed similar results (Figure 1C). Furthermore,
lectin recognition with GalNAc-specific lectins, such as HPA,
SBA and DBA confirmed the higher expression of terminal
GalNACc structures in the selected Tn™ cell line (Figure 1C).
The proteins components present in the Tn™ cell line were
also detected by lectin blot using VVL, demonstrating a
variety of components carrying the Tn antigen (Figure 1D).

We also analyzed the presence of other carbohydrate struc-
tures. As shown in Figure 1E, ECA (specific for terminal
B(1,4)lactosamine) binding was similar for the three cell lines,
while a decrease in PNA (with GalB(1,3)GalNAc as its main
ligand) recognition was detected in the Tn™ cell line, indicat-
ing that core 1 (GalB(1-3)GalNAc) synthesis may be inhib-
ited due to Cosmc dysfunction. As PNA, MALII (a plant
lectin specific for «(2-3)-linked sialic acid) binding was sig-
nificantly decreased in Tn™ cells as compared with wt and
Tn~ 4T1 cells (Figure G), indicating that the sialylation of
GalB(1-3)GalNAc was also disrupted. However, SNA reac-
tivity (detecting «NeuAc(2,6)GalNAc), was decreased both in
Tn™ and Tn~ derived cell clones in comparison with wt cells
(Figure 1G). We also analyzed the recognition by the mAb
B72.3, first reported as specific for sialyl-Tn (Gold and Mattes
1988; Kjeldsen et al. 1988), and found a strong reactivity for
Tn™ cells but not for wt or Tn~ cells (Figure 1G). Further
beyond O-glycans, no changes in WGA (GIcNAc in poly-
N-acetyllactosamine repeats) or ConA (specific for mannose
and glucose) were detected between Tn™ or wt 4T1 cells.
However, a small decrease in WGA binding in 4T1-Tn~ cells
was observed with respect to Tn™ cells, while it was not
detected in wt 4T1 cells (Figure 1F).

Tn antigen expression increases clonogenic and
invasive capacity of 4T1 cells

In order to determine whether Tn antigen conferred growth
advantage to 4T1 tumor cells, we analyzed cell proliferation,
migration and invasion in vitro, as well as their capacity to
form colonies. The three analyzed cell lines did not show any
differences in their growth rate in vitro (Figure 2A). On the
other hand, both Tn* and Tn~ 4T1 cells presented lower
cell migration capacities, while higher clonogenic capacity,
than the parental wt cell line (Figure 2B and C, respectively).
Finally, the presence of the Tn antigen was associated with a
higher invasion rate with respect to the wt and Tn- cell clones
(Figure 2D). Thus, 4T1 cells expressing the Tn antigen display
different alterations in their migration and invasive capacities,
the latter being the one that distinguished them from the Tn~
and wt cells.

The Tn antigen confers TNBC cells with more
aggressive and metastatic properties

To analyze the impact of Tn on tumor growth in vivo, 4T1-
wt, Tn™ and Tn~ cells were inoculated in the fourth right
mammary fat pad of syngeneic mice and tumor growth was
measured. Interestingly, tumors from Tn™ cells were larger
and at least three-times larger in volume than those from wt or
Tn~ cells at day 28 post-injection (Figure 3A), an effect that
was maintained when we analyzed tumor weight after mice
sacrifice (Figure 3B). Furthermore, the presence of Tn antigen
on tumors derived from the Tn™ cell line was maintained
in vivo, as shown by higher 83D4 recognition on CD45~
cells from disaggregated tumors (Figure 3C). Since breast
cancer aggressiveness is commonly associated with metastasis
occurrence to distant organs, such as lungs, liver and bones,
we analyzed lung micrometastases at day 28 after tumor cell
implantation. As seen in Figure 3D, mice with tumors derived
from 4T1-Tn* cells developed a significantly higher number
of metastatic foci than those derived from mice inoculated
with 4T1-wt cells. Lungs from mice inoculated with Tn™ cells
or without tumors (naive) did not develop metastases.
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Fig. 1. Cosmc-KO 4T1 tumor cells express the Tn antigen. (A) Expression of Tn antigen on Tn*, Tn= and wt 4T1 tumor cells evaluated by flow cytometry
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with anti-Tn 83D4 antibody. Also, initial steps of mucin-type O-glycosylation are shown indicating glycosyltransferases such as GALNT

(polypeptidyl-GalNAc-transferases), ST6GalNAc! (ea2,6Sialyltransferase ) and C1GALT1 (core 1 Galactosyltransferase 1) (left). (B) Glycan motifs detected

by lectins used in this study. (C) Recognition by terminal GalNAc-specific lectins: VVL, DBA, HPA and SBA, by flow cytometry. (D) VVL recognition of

glycoproteins from Tnt, Tn~ and wt 4T1 tumor cells by lectin blot. (E) Recognition by terminal Gal-specific lectins: ECA and PNA, by flow cytometry. (F)

Recognition of N-glycan structures using WGA and ConA lectins by flow cytometry. (G) aNeuAc(2,3)Gal- and e«NeuAc(2,6)GalNAc glycan structures
analyzed by MALII and SNA lectins, respectively, analyzed by flow cytometry. Recognition by mAb B72.3 of Tnt, Tn™ and wt 4T1 tumor cells was also
evaluated by flow cytometry. Data are represented by the ratio between median fluorescence intensity obtained for Tn* and Tn~ cell lines relative to

wt. Asterisks correspond to significant differences as follows:

followed by Tukey's test. Data are representative of three independent experiments.

* P <0.05, ** P <0.01, *** P < 0.001, **** P < 0.0001 performed by one-way ANOVA
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Fig. 2. Proliferation, clonogenicity, migration, and invasion capacity of
obtained 4T1 cell lines. (A) Cell growth evaluated by viability with MTT.
(B) Cell migration assessed by wound healing assay (C) Clonogenic
capacity assessed by colony forming assay. (D) Cell invasion assay with
collagen matrix. Asterisks correspond to significant differences as
follows: ** P < 0.01, *** P < 0.001, **** P < 0.0001 performed by
one-way ANOVA followed by Tukey's test. Data are representative of
three independent experiments.

In order to correlate the 4T1 breast cancer model with clini-
cal cases of advanced TNBC considering its metastatic poten-
tial, we evaluated the therapeutic impact of primary tumor
resection at day 17, since, as we previously described, all
animals develop lung metastasis at this time point when using
wt 4T1 cell implantation (Kramer et al. 2015). Small tumors
(4-8 mm diameter) were detected 12-14 days after orthotopic
implantation of 4T1 cells and were surgically resected at day
17. Only 10% of tumor-bearing mice inoculated with the
4T1-Tn™ cell line survived by day 75 after cell implantation,
while 65 and 100% survival were observed at the same day
for mice with tumors derived from 4T1-wt and Tn~ cell
lines, respectively (Figure 3E, Tn* vs. wt P = 0.0146: Tn™
vs. Tn™ P < 0.0001; wt vs. Tn™ P = 0.0024). The autopsy of
moribund mice revealed in all cases the presence of numerous
macroscopic metastatic foci and a massive distortion of both
lungs derived from Tn™ tumor-bearing mice (Figure 3F). Of
note, lungs derived from the parental 4T1 cell line presented
few or none macroscopic metastatic foci, although organ
distortion and color alterations were observed (Figure 3F).
Therefore, the presence of the Tn antigen influence tumor
growth and metastatic potential in the TNBC 4T1 mouse
model.

Tn™ cells generate tumors characterized by an
increase in Foxp3™ T cell infiltrate

To determine whether the presence of Tn affects the tumor
immune microenvironment, we analyzed leukocyte infiltrates
by flow cytometry in primary breast tumors at day 28 after
cell inoculation. We focused on myeloid cells (Figure 4) and
T lymphocytes (Figure 5), considering their role in immuno-
suppression (Kao et al. 2011; Glasner and Plitas 2021). In
spite of the fact that no changes in the frequency of tumor-
infiltrating CD457" cells were detected among the wt, Tn™
and Tn~ tumors, a higher proportion of CD11c* F4/80*
immune cells was observed in Tn* tumors comparing to wt
or Tn~ tumors (Figure 4A). On the other hand, we observed

a higher frequency of both CD11b*™ MHCII~ or CD11b™
MHCII™ immune cells in Tn™ tumors than in wt and Tn™
tumors, although this difference was only significant in the
latter (Figure 4B, gate and plot a and b, respectively). Last,
a decrease in the frequency of CD11b~ MHCII" (that could
account for lymphoid antigen presenting cells, such as B cells)
was observed with respect to both wt and Tn~ tumors. We
further explored the Ly6G and Ly6C expression of these
cells, in order to establish whether it could be a difference
in the recruitment of potential myeloid suppressor cells in
the tumors. The majority of CD11b™ MHCII™ expressed
high levels of Ly6G and low levels of Ly6C (Figure 4C, plot
a), while no differences on Ly6G and Ly6C expression were
found on CD11b* MHCII" (Figure 4C, plot b) or CD11b™
MHCII™ cells (Figure 4C, plot c) between mice with different
tumors. However, Tn~ tumors presented a lower frequency of
these cells when compared to wt and Tn™t tumors. Altogether
these results indicate that the presence of the Tn antigen is
accompanied by a larger frequency of CD11ct F4/807" cells,
which could account for antigen presenting cells.

On the other hand, the analysis of T cells in the tumor
microenvironment revealed a decreased of CD3™ T cells in
Tn™ tumors comparing both to wt and Tn™ tumors, although
this difference was not significant (Figure 5A). However, when
we analyzed CD4™ and CD8* T cells (Figure 5B and C, plots
b and c, respectively), a lower frequency of these cells was
observed on Tn* tumors than wt and Tn~ tumors. Fur-
thermore, CD4™" T cells from Tn™t tumors expressed higher
levels of Foxp3 than those derived from wt and Tn™ tumors
(Figure SC, plot d, left). However, CD8" T cells from all
tumors expressed similar levels of FoxP3 (Figure SC, plot d,
right). Draining lymph nodes (DLN) from both Tn™ and wt
tumors presented lower frequencies of CD4% and CD8™ T
cells than those from Tn~ tumors (Figure 5D, plots b and c,
respectively). Nevertheless, a higher expression of Foxp3 was
observed int CD4" T cells from DLN of Tn* tumors with
respect to those from DLN of wt and Tn~ tumors (Figure 5D,
plots d), reflecting similar characteristics to cells recruited to
Tn* tumors. In conclusion, these results demonstrate that
the Tn antigen induces a recruitment of Foxp3 expressing
CD4* T cells both in tumors and respective DLN in 4T1-
inoculated mice.

Tn* tumor cells induce an immunoregulatory
environment, both in tumors and metastatic lungs

To further characterize the immune response both system-
ically and in the metastatic organs, we first studied the
capacity of splenocytes derived from tumor-bearing mice
to produce different cytokines upon stimulation with anti-
CD3 and anti-CD28 antibodies. Splenocytes derived from
Tn™ tumor-bearing mice produced lower levels of IFNy
and higher levels of IL-10 and IL-17 than mice with wt
tumors (Figure 6A and B). A similar pattern was observed
when comparing splenocytes from Tn™ vs. Tn~ tumor-
bearing mice, although in this case, these latter produced
slightly lower levels of IFNy than those with Tn™ tumors
(Figure 6A and B). Of note, stimulated splenocytes from all
tumor-bearing mice expressed lower levels of IFNy than those
from naive mice. However, only stimulated splenocytes from
Tn™ tumor-bearing mice expressed higher levels of IL-10 and
IL-17 than those from naive mice.
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inoculated in the fourth right mammary fat pad with 70,000 4T1 cells (day 0). Five independent experiments are shown (Tn™: n=43; wt: n=41; Tn™:

n = 46). (B) Tumor weight evaluated at day 28. (C) Expression of the Tn antigen in tumor cells (gated as CD45~ cells) by flow cytometry using the anti-Tn
mAb 83D4. (D) Breast cancer micrometastasis in the lungs. Tumor-bearing or naive mice underwent tumor surgery at day 28, lungs were extracted and
processed and the number of lung metastases was quantified. Lungs from naive mice were used as a control. (D) Kaplan-Meier plot indicating animal
survival of mice with primary tumor surgery at day 15. Three independent experiments are shown (Tn*: n = 18; wt: n = 24; Tn™:n = 24). (E) Lungs
extracted from healthy control mouse (naive) and from mice inoculated with Tn™, Tn™ or wt cell lines that underwent primary tumor surgical removal.
Numerous metastatic nodules are observed in the lungs of mice inoculated with the 4T1-Tn* cell line. Asterisks correspond to significant differences as
follows: * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 performed by two-way ANOVA (A) or one way ANOVA followed by Tukey's test (B, C) or
Log-rank (Mantel-Cox) test, Chi square (D). When not specified, data are representative of three independent experiments.
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We also analyzed the production of IFNy, IL-10 and IL-
17 in lungs derived from tumor-bearing mice. To this end, we
collected the supernatant of disaggregated lungs. We observed
a higher expression of IL-10 by lungs derived from Tn*
tumor-bearing mice than by those derived from naive mice,
while no differences were observed for IL-10 produced in mice
with wt and Tn™ tumors (Figure 6C and D). Altogether, these
results indicate that the presence of the Tn antigen is related
with increased levels of IL-10 produced by the spleen and the
lungs in tumor-bearing mice.

The Tn antigen induces higher production of
ROS/RNS by tumor cells

Last, we analyzed the capacity of tumor cells to produce
ROS/RNS by flow cytometry. As seen in Figure 7, both Tn™
cell lines (Figure 7A) and Tn* tumors (Figure 7B) produced
higher levels of ROS/RNS than wt and Tn~ 4T1 cell lines.
Since ROS and RNS can inhibit T cell proliferation (Halasi
et al. 2013; Garcia-Ortiz and Serrador 2018), and considering
that splenocytes from Tn™ tumor-bearing mice were not able
to produce IFNy upon CD3/CD28 stimulation (Figure 6A),
we wondered whether the production of ROS by Tn™ tumor
cells might inhibit production of IFNy by stimulated naive

splenocytes. To address this, CD3/CD28-stimulated naive
splenocytes were incubated with supernatants from wt, Tn™
and Tn~ tumors, in the presence or absence of NAC, a

ROS scavenger. The supernatants from the three types of

breast tumors completely abrogated the production of IFNy
by stimulated splenocytes. However, culturing them with
NAC lead to a significant increase of IFNy production in
the presence of wt or Tn~, but not Tn*, tumor-derived
supernatants (Figure 7C). Of note, not detectable levels
of IL-10 were found in splenocyte culture media (not
shown). Altogether, these results suggest that Tn™ tumor cells
produce higher ROS/RNS levels, and that ROS derived from
Tn™ tumors is not implicated in the suppression of IFNy
production by stimulated splenocytes.

Discussion

In the present study, we demonstrate that the induction
of Tn antigen expression promotes lung metastases in an
orthotopic TNBC murine model. We also show that both
primary tumors and metastatic lungs are characterized
by an immunoregulatory environment. Altered protein
glycosylation is a hallmark of carcinomas and one of the most
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Fig. 5. The Tn antigen induces the recruitment of Foxp3-expressing CD4™ T cells both in the tumor and draining lymph nodes. Tumor-bearing mice were
sacrificed at day 28, tumors and DLN were removed and analyzed by flow cytometry. (A) Frequency of CD3T T cells infiltrating the tumor. (B) Gate
strategy to select CD4" and CD8™ T cells expressing Foxp3. (C) Frequency of CD4™ or CD8™ T cells infiltrating the tumor and evaluation of Foxp3
expression. (D) Frequency of CD4*1 or CD8* T cells in DLN and evaluation of Foxp3 expression. Asterisks correspond to significant differences as
follows: * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 performed by one-way ANOVA followed by Tukey’s test. Data are representative of

three independent experiments.

common cancer-associated changes in glycosylation is the
truncation of O-linked carbohydrate chains as a consequence
of the impairment of the normal elongation of O-glycans
(Pinho and Reis 2015), leading to Tn antigen expression,
among other structures (Ju et al. 2008; Kudelka et al. 2015).
To study the metastatic role of the Tn antigen in TNBC,
we used the SimpleCell strategy (Steentoft et al. 2013),
consisting in genetically engineering the Cosmic gene in the

4T1 tumor cell line, the molecular chaperone for T-synthase
that is essential for Tn antigen elongation. The expression
of the Tn antigen in Tn* 4T1 cells was confirmed by cell
glycophenotyping demonstrating a clear over expression of
this structure in agreement with GalNAc-binding lectins
and a decrease of PNA recognition in comparison with
parental wt and Tn™ cell lines. However, the obtained Tn™
cell clone, as the Tn™ one, presented a decrease in SNA-
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Fig. 6. Expression of Tn antigen on tumors favors systemic production of 1L-10 both in the tumor and in the metastatic microenvironment. Tumorbearing
mice were sacrificed at day 28, spleens and lungs were removed and cytokine production was analyzed by specific sandwich ELISA. Naive mice were

used as control. (A) Splenocytes (0.5 x 108/well) from Tn™, Tn~ or wt tumor-bearing mice were cultured in the presence or absence of CD3/CD28

(1 ng/mL) for 5 days at 37°C and 5% CO». IFNy, =10 and IL-17 levels were quantified on culture supernatants. Results are shown as the ratio of the

stimulated with respect to the medium (control) conditions. (B) Levels of IL-10 or IL-17 in relation to IFNy levels. (C) Lungs from Tn*+, Tn~ or wt
tumorbearing mice were disaggregated and cultured for 2 h in complete medium at 37°C. IFNy, I1-10 and 1117 levels were quantified on culture

supernatants. (D) Levels of 1L-10 in relation to IFNy or Il-17 levels. Asterisks correspond to significant differences as follows: * P < 0.05, ** P < 0.01, ***

P < 0.001, **** P < 0.0001 performed by one-way ANOVA followed by Tukey's test. Data are representative of three independent experiments.

binding, indicating that, although it has undergone the same
transformation process, the sialylation process is altered
with regard to the parental cell line, indicating a decrease
in NeuAca(2-6)Gal or GalNAc residues. In this regard, a

glycosyltransferase enzymatic dysregulation could be the
result of signaling pathways potentially modulated by
aberrant O-glycosylation, as demonstrated recently in gastric
cancer cells (Freitas et al. 2019). Importantly, a strong
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Fig. 7. Tn™ tumor cells produce high ROS or RNS levels. (A) Tn*, Tn= and wt 4T1 tumor cells were cultured and stained with an ROS/RNS specific probe
and evaluated by flow cytometry. (B) Tn™, Tn~ and wt 4T1 tumors from 4T 1-inoculated mice were stained with an ROS/RNS specific probe and analyzed
by flow cytometry on CD45~ cells. (C) Splenocytes from naive mice were cultured in the presence (+) or absence (—) of CD3/CD28 (1 ng/mL) for 5 days
at 37°C and 5% CO,. Supernatants from wt, Tn + or Tn~ disaggregated tumors were incubated with stimulated splenocytes in the presence or
absence of 5 mM NAC, an ROS scavenger. IFNy levels were quantified on culture supernatants. Asterisks correspond to significant differences as

follows: * P < 0.05, ** P < 0.01, performed by Student unpaired t test.

reactivity for Tn™ cells was found by the mAb B72.3. This
antibody was first reported by its high sialyl-Tn specificity.
(Gold and Mattes 1988; Kjeldsen et al. 1988) However,
these results must be carefully interpreted since later, a cross
reactivity for the Tn antigen was described in many works
(Colcher et al. 1981; Reddish et al. 1997; Julien et al. 2012;
Persson et al. 2017; Prendergast et al. 2017). Thus, the high
reactivity of this antibody for Tn™ cells would be due to its
interaction with Tn-expressing glycoproteins rather than to
sialyl-Tn.

Tn antigen expression has been associated to neoplas-
tic progression, by enhancing cell proliferation, decreasing
apoptosis and increasing adhesion and migratory capacities
(Radhakrishnan et al. 2014; Hofmann et al. 2015; Dong et al.
2018). In the same line, in our model, Tn™ tumor cells pre-
sented a higher capacity to invade a collagen-rich membrane
in vitro. Furthermore, recent reports demonstrated that Tn
expression associates with enhanced tumor growth and the
recruitment of potentially immunoregulatory cells (Cornelis-
sen et al. 2020; Dusoswa et al. 2020). The observation that
the expression of Tn in primary tumors was associated with
lymph node involvement (Kawaguchi et al. 2006; Konska
etal.2006) and even with invasion of lymphatic vessels within
the primary tumor (Kawaguchi et al. 2006) suggested a role
of this antigen in the metastatic process. However, no studies
have been reported about the role of Tn antigen in fostering
metastasis driven by TNBC cells. In this line, our work pro-
vides evidence, for the first time, that the Tn antigen in TNBC
cells favors lung metastases, in association with systemic and
local immunosuppression, both at the primary tumor and at
the metastatic site. Unexpectedly, the selected Tn™ cell clone,
presented a lower metastatic capacity than the parental wt cell
line, both evidenced by lower lung micrometastasis detection
and mice survival. This less malignant phenotype of the Tn™
cell line might be explained by the significant reduction in the
expression of sialic acids attached to terminal galactose in -
2,6 and «-2,3 linkage identified by SNA binding with respect
to the wt cell line. The lack of Tn and the reduction in sialyl-
Tn expression in this cell line may account for its reduced
metastatic potential and its greater survival rate. Furthermore,
our results suggest that far beyond the role of SNA-ligands
between the wt ant Tn~ cell lines, a mutation in Cosmc
compensates these possible effects in a way that makes the
Tn™ even more aggressive than the parental cell line. This is in

accordance with other works that reported that truncated O-
glycans expression leads to a more aggressive phenotype and
promotes metastasis potential (Radhakrishnan et al. 2014;
Chugh et al. 2018; Freitas et al. 2019; da Costa et al. 2021).
Thus, we have obtained two different sublines derived from
the TNBC 4T1 cell line, with different metastatic potential,
that might represent a great research tool, for example to
study diverse therapeutic strategies, as it happens with other
mouse cancer models (Danciu et al. 2015).

Primary tumors and DLN were characterized by a higher
expression of FoxP3 in CD4™ T cells, suggesting a connection
between the Tn antigen and the generation of Tregs. Further-
more, stimulated splenocytes and lungs produced higher levels
of IL-10 probably favoring the development of metastases.
Tn™ tumors were also characterized by a recruitment of
CD11c* F4/807 cells that could account for antigen present-
ing cells. Indeed, these cells might recognize the Tn antigen
through the C-type lectin receptor Macrophage Galactose-
type Lectin (MGL; CD301) (Saeland et al. 2007; Beatson
et al. 2015) and might induce the differentiation of naive T
cells to Tregs (da Costa et al. 2021). Indeed, several reports
demonstrated that MGL-expressing myeloid cells can induce
Treg differentiation (Li et al. 2012) and suppression of T cell
activation (van Vliet et al. 2006). Tn™-derived splenocytes also
produced higher levels of IL-17 upon polyclonal stimulation,
although they were lower than those of IL-10. Interestingly,
IL-17 can play a detrimental role in the development of an
effective anti-tumor T cell response (Dadaglio et al. 2020).
Even though strong Th1-type responses favor tumor control,
the simultaneous activation of Th17 cells may redirect or cur-
tail tumor-specific immunity through a mechanism involving
neutrophils (Dadaglio et al. 2020). In this regard, it might be
interesting to study whether the production of IL-10 and IL-
17 depends on MGL™ myeloid cells.

It is worth noting that the identity or the function of
the Tnt molecules still remain to be determined. Other
reports have shown the Tn antigen-driven metastases could be
consequence of cancer cell adhesion to the endothelial lining
of vessels (Bapu et al. 2016), enhancing the activity of matrix
metalloproteinase 14 in liver cancer (Nguyen et al. 2017) or
promoting the epithelial and mesenchymal transition (EMT)
of tumor cells in a process where transforming growth factor
beta (TGFB1) or its receptor were involved (Freire-de-Lima
et al. 2011). Other works have identified Tn on MUC1
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(Park et al. 2010) or osteopontin (Minai-Tehrani et al.
2013) as key actors that enhance breast cancer progression,
although their role in the metastatic process has not yet been
proved.

It has been demonstrated that high expression of ROS by
both tumors and/or other cells within the tumor microen-
vironment suppresses T-cell proliferation and anti-tumor
immune responses (Halasi et al. 2013). Moreover, the
high expression of ROS and oxidative stress in the tumor
environment can induce a stronger immunosuppression by
Tregs (Maj et al. 2017). In our work, we could demonstrate
that ROS produced by wt and Tn~ is, at least in part,
involved in the inhibition of IFNy production by stimulated
splenocytes. However, we could not confirm this hypothesis
with ROS produced by Tn* tumors, meaning that RNS or
other tumor-derived soluble molecules might be involved in
this process. In conclusion, our work demonstrates that the Tn
antigen induces both TNBC growth and lung metastases and
immunosuppression. In this sense, blocking the Tn antigen
could constitute a novel therapeutic strategy to dampen
TNBC-derived metastases.

Materials and methods
Cell line engineering

The murine TNBC cell line 4T1 (Gupta et al. 2021; Zhang
etal. 2021) was obtained from ATCC and cultured in DMEM
with glutamine (Capricorn, Germany or Gibco, USA) supple-
mented with 10% inactivated fetal bovine serum (Capricorn,
Germany) and antibiotic-antimycotic (Thermo Fisher) at a
final concentration of 100 units/mL of penicillin, 100 pug/mL
of streptomycin, and 0.25 ug/mL of Gibco Amphotericin B
(complete culture medium). Cells were maintained at 37°C in
a humidified atmosphere of 5% CO;. When needed, cells were
harvested by washing with phosphate-buffered saline (PBS)
pH 7.4 and incubation with a #rypsin (0.1%)/EDTA (0.04%)
solution.

Defects in the enzymes that participate in the O-glycosylation
process, such as the Core 1 83-galactosyltransferase and Core
1 B3-galactosyltransferase Specific Molecular Chaperone
(Cosmc) (Ju et al. 2008; Yoo et al. 2008) lead to the
expression of the Tn antigen. Thus, Tnt 4T1 cells were
generated by targeting the Cosmic gene using Crispr/Cas9
precise gene editing. Transfection of 4T1 cells was carried
out by CRISPR guide targeted to Cosmc exon 2 170 s
(GATATCTCGAAAATTTCAG) cloned in pBS-Ué6sg plasmid
(Tacgene, France) and GFP-tagged Cas9-PBKS (Addgene).
About, 4T1 cells were seeded in 24 well plates (2 x 10°
cells per well) and after one day 0.5 ug of gRNA was co-
transfected with 0.5 pug of GFP-tagged Cas9-PBKS using
Lipofectamine 3000 (Invitrogen). Cells were harvested after
48 h, and single-sorted into 96 well plates for GFP expression
by FACS (BD FACSAria™ Fusion). The expression of Tn
antigen in the obtained clones was verified by staining with the
anti-Tn mAb 83D4 (Osinaga et al. 2000) and the mutations
in Cosmc in the selected clones were further verified by
Sanger sequencing using the following primers: Cosmc-F:
5‘-ATCACTATGCTAGGCCACATTAGGATTGGA-3¢ and
Cosmc-R: 5“GGAGGTAAGAAAACCAATGCATCATTGAA
AA-3¢. An insertion of 1 T in one allele (*) and a deletion of
1 T ([T]) in the other were found in the following positions:
5¢- GATATCTCGAAAATT([T]*TCAG-3¢ in the Tn™ cell line.

A Tn~ clone was also selected for further characterization
according to Tn expression.

Lectin and antibody recognition of tumor cells by
flow cytometry

Wild type (wt) Tn~ and Tn™ 4T1 tumor cells were harvested
and washed with PBS. They were stained with anti-Tn
antibody 83D4 (Osinaga et al. 2000) or the following
lectins: Helix pomatia lectin (HPA, GalNAc, Tn antigen,
1 pglul), Isolectine B4 of V. villosa lectin (VVL. GalNAc,
Tn antigen, 2 pug/ul), Arachis bypogaea lectin (PNA:
BGal(1,3)GalNAc, 1 ug/ul), Erythrina cristagali lectin (ECA:
BGal(1-4)GIcNAc, 1 pug/ul), Soybean agglutinin (SBA:
GalNAc, Tn antigen, 5 ug/ul), Sacumbus Nigra lectin (SNA:
aNeuAc(2,6)Gal, 5 wug/ul), Maackia amurensis 11 lectin
(Mal II: «NeuAc(2,3)Gal, 1 pg/ul), Triticum vulgaris lectin
(WGA: (GlcNAc),, 1 ug/ul), Canavalia ensiformis (ConA:
aMan>aGle, 1 pg/ul) in PBS containing 2% FBS 0,02%
Na3N (FACS buffer). Cells were washed twice and incubated
with APC-conjugated streptavidin (for lectins) or a FITC-
conjugated anti-mouse IgM (for 83D4 anti-Tn mAb).

Cell viability

Tn™, Tn~ and wt 4T1 cells were harvested and plated in trip-
licates on 96-well plates at half-serial dilutions starting from
250.000 cells/well (100 wl) and incubated at 37°C for 24 h. 3-
(4,5 dimethyl-2 thiazolyl)-2,5 diphenyl-2H tetrazolium (MTT,
Sigma-Aldrich, USA) bromide solution was added to each well
at a final concentration of 0.5 mg/ml and incubated for 4 h
at 37°C. The formazan crystals were dissolved with 100 ul
of 10% SDS in 0.01 M HCI and absorbance was measured
at 570 nm with a plate spectrophotometer after overnight
incubation at 37°C.

Colony forming assay

Tn™, Tn~ and wt 4T1 cells were harvested and plated in
100-mm dishes at a final concentration of 500 cells/dish and
incubated at 37°C for 10 days. Then, growth medium was
removed and cells were stained with 0.05% crystal violet, 1%
formaldehyde and 1% methanol in PBS for 20 min at room
temperature. Colony formation units were counted manually.

Cell migration by wound healing

Tn™, Tn~ and wt 4T1 cells were harvested and plated in 6-well
plates (5 x 10° cells/well). Twenty-four hours before making
the wound, the culture media was changed from 10 to 0.5%
of FBS. When they reached confluence, a wound was done
to the monolayer with a 200-ul tip. Cells were washed twice
with PBS to eliminate cell debris, and then cultured in 0.5%
FBS growth medium for 24 h. Photos were taken at 0 and 24 h
in epifluorescent microscope Leica TCS SPS5 II and analyzed
with Image ]J.

Cell invasion

Corning transwell with 8-um pore polycarbonate membrane
cell culture inserts were used in 24-well plates. About, 7100 ul
of a solution of 0.5 mg/ml of collagen in 20 mM HEPES,
26 mM NaHCOj3, 5 mM NaOH was used in each transwell
and left to gel at 37°C for 2 h. About, 500 ul of complete
growth medium (supplemented with 10% FBS) was added
to the bottom of the well. wt, Tn™ and Tn* 4T1 cells were
harvested and 2x10° cells were seeded into each transwell in
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FBS-depleted growth medium and incubated at 37°C for 48 h.
Transwells were washed with PBS twice and cells attached to
the top side of the transwell were cleaned using a cotton swab.
Cells in the bottom layer of the transwell were stained with a
solution of 0.05% w/v crystal violet, 1% formaldehyde and
1% methanol in PBS for 20 min at room temperature. Then,
transwells were washed with water, and cells were counted
with an optical microscope.

Tumor growth in vivo

Six-to eight-week-old female BALB/c mice were purchased
from DILAVE Laboratories (Uruguay), or URBE (Facultad
de Medicina, UdelaR, Uruguay). Animals were kept in the
animal house (URBE) with water and food supplied ad libi-
tum. Mouse handling and experiments were carried out in
accordance with strict guidelines from the National Commit-
tee on Animal Research (CNEA, Uruguay). All procedures
involving animals were approved by the Universidad de la
Republica’s Committee on Animal Research (CHEA Proto-
cols N° 070153-000732-17). Cells were harvested at 60-70%
confluence, washed, counted and inoculated in the 4th right
mammary fat pad with 70 000 4T1 cells resuspended in 50 ul
of phosphate saline buffer (PBS). Fifteen days after cell implan-
tation, 100% mice showed palpable tumors. Tumor size was
measured from day of first appearance every 2-3 days, and
tumor volume was calculated as V = 4/3.7.(r1.r2), being ry
the largest ratio. Animals were sacrificed at day 28 and tumors
were weighted and processed for analyses. At least eight mice
were used per group in each study.

Lung micrometastasis

Lung micrometastases were quantified by a standard
clonogenic assay due to the inherent resistance of 4T1 cells to
6-thioguanine treatment (Aslakson and Miller 1992; Pulaski
and Ostrand-Rosenberg 1998; Kramer et al. 2015). Mice were
sacrificed 28 days after tumor cells implantation, lungs were
isolated and finely minced with sterile scissors and digested
in a 5 ml of PBS solution containing 20 mg Collagenase type
IV (Gibco, USA) and 50 ug DNAse I (Sigma-Aldrich) for
1 h at 37°C on a rotating wheel. After incubation, 5 mM
EDTA was added to stop the enzymatic reaction and the
tissue was homogenized by pipetting several times. The
homogenate was washed in 10 ml PBS, and samples were
filtered through a 70-um Falcon cell strainer (BD Biosciences)
to obtain a clear solution. This solution was washed twice in
DMEM by 1500 rpm centrifugation at 4°C. The cell pellet
was resuspended and serially diluted in 6-well tissue culture
plates containing complete culture medium supplemented
with 60 uM 6-thioguanine (Sigma Aldrich). Tumor cells
formed foci within 10-14 days. Cell clones were fixed with
PFA 4% and stained with 0.03% methylene blue solution for
macroscopic counting. At least six mice were used per group in
each study.

Mice survival

Death of tumor-bearing mice due to lung metastases was
determined on mice without primary breast tumors. Surgical
removal of tumors was performed essentially as described pre-
viously (Pulaski et al. 2000; Pulaski and Ostrand-Rosenberg
2001; Kramer et al. 2015) with the proximal draining lymph
node (DLN) also removed along with the adjoining abdominal
fat at day 15. Wounds were closed using a sterile 19 mm
3/8 nylon monofilament suture (HAD, China). Paracetamol

M F Festari et al.

(1 mg/ml) dissolved in drinking water was given to animals
for 24 h to aid the post-operatory recovery. Survival was
monitored regularly, and animals were euthanized if found
moribund during the observation period. Dead mice were
autopsied to check for the presence of lung metastasis. At least
six mice were used per group in each study.

Analyses of tumor microenvironment by flow
cytometry

Tumors were disaggregated and incubated with Collagenase
Type IV (100 U/ml, Gibco, USA). Then, red blood cells were
lysed and tumor-derived cells were washed with FACS buffer,
counted and incubated (0.2 x 10° cells/well) with anti-CD45
(104), -F4/80 (BM8), -CD11c (N418), -CD4 (GK1.5), -CD8«
(53.6-7),-CD3 (17A2), CD11b (M1/70), —Ly6G (RB6-8C5),
-Ly6C (HK1.4), -I-A/I-E (M5/114.4.2) in FACS buffer for
30 min at 4°C. When stained with anti-Tn antibody 83D4
cells were pre-incubated with stripping buffer (0.1 M glycine,
4 ¢/L NaCl pH 2) for 30 min at 37°C. For intracellular
staining, the Intracellular Staining Perm Wash Buffer and
Fixation Buffer (BioLegend, USA) was used according to man-
ufacturer protocol, and anti-FoxP3 (FJK-16 s) was incubated
for 1 h at RT. Cells were then washed and measured in an
Accuri flow cytometer and analyzed with BD Accuri C6 Plus
software. DLNs were disaggregated in PBS and analyzed by
flow cytometry using the same strategy.

Reactive oxygen and nitrogen species
determination

Reactive oxygen/nitrogen species (ROS/RNS) produced
by both tumor cell lines and tumors were determined
with 2’,7"-Dichlorofluorescein diacetate (DCFDA) probe, a
fluorogenic dye that is oxidized into the fluorescent 2/,7°-
Dichlorofluorescein. Briefly, cells were incubated in PBS for
30 min at 37°C with DCFDA by flow cytometry. Then,
they were washed with FACS buffer and fluorescence was
measured in an Accuri flow cytometer and analyzed with
BD Accuri C6 Plus software. A similar strategy was used to
analyze ROS/RNS in tumors. In this case, tumor cells were
first incubated with anti-CD45 antibody and gated as CD45~
cells.

Analyses of splenocyte proliferation

Splenocytes from tumor-bearing mice (1 x 10 cell/well) were
cultured in RPMI-1640 with glutamine (Capricorn, Gibco,
Germany) complete medium containing 10% FBS, 50 uM
2-mercaptoethanol, 100 U/mL penicillin, 0.1 mg/mL strepto-
mycin in the presence or absence of CD3/CD28 (1 ug/mL)
for 5 days at 37°C and 5% CO;. IFNy, IL-10 and IL-17
levels were quantified on culture supernatants by specific
sandwich ELISA (BD Biosciences or Biolegend) according to
the manufacturer’s instructions. IFNy, IL-10 and IL-17 levels
were also quantified on culture media from disaggregated lung
supernatants. To evaluate ROS effect on splenocyte prolifer-
ation, N-acetyl-l1-Cystein (NAC), an ROS scavenger (Halasi
et al. 2013), was used. Cells from naive mice were cultured
in RPMI complete culture medium in the presence or absence
of CD3/CD28 (1 pg/mL), 5 mM NAC and Tn*, Tn™ or wt-
tumor derived culture supernatants for 5 days at 37°C and
5% CO;. IFNy levels were quantified by specific sandwich
ELISA as described above.
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Statistical analyses

Statistical analyses were performed with Prism software
(GraphPad Prism 6.01). The Student unpaired ¢ test, one
way ANOVA or two way ANOVA were used to determine,
according the experiment, the significance of the differences.
Survival curves obtained by the Kaplan-Meyer method
were statistically analyzed using the Log-rank test. Asterisks
indicate statistically significant differences with *P < 0.05;
**P < 0.01; ***P < 0.001. Data are representative of at least
two individual experiments.
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