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Spatial relationship of tertiary lymphoid structures and
tumor-associated neutrophils in bladder cancer and
prognostic potential for anti-PD-L1 immunotherapy

Dear Editor,

Tertiary lymphoid structures (TLSs) are organized clus-
ters of immune cells found in non-lymphoid tissues of
chronic inflammation, including solid tumors [1]. High
endothelial venules (HEVs) positive for peripheral node
addressin (PNAd) are present in TLSs and may pro-
vide highway entry for lymphocytes. Tumor-residing TLSs
may be formed by the concerted actions of cytokines
and chemokines, a finding supported by the relation
between a 12-chemokine signature and TLSs [2]. C-X-
C motif chemokine ligand 13 (CXCLI13) is central in
TLS formation in tumors, including bladder cancer [3].
TLSs are associated with favorable prognoses in cancer
and favorable responses to immune checkpoint block-
ade (ICB) independent of programmed death-ligand 1
(PD-L1) status [4]. TLSs may also contain immunosup-
pressive cells such as regulatory T cells and regula-
tory B cells. A prominent immunosuppressive population
is polymorphonuclear myeloid-derived suppressor cells
(PMN-MDSCs), which are essentially tumor-associated
neutrophils (TANs) that suppress effector T cells [5]. The
relative distribution of TLSs and TANs/PMN-MDSCs has
not been studied in human cancers.

We designed a study to investigate the distribution of
immune cells (especially TANs/PMN-MDSCs) inside and
near the TLSs of bladder cancer (the 10th most common
cancer worldwide) and to evaluate the prognostic signifi-

Abbreviations: TLS, Tertiary Lymphoid Structures; HEV, High
Endothelial Venules; PNAd, Peripheral Node Addressin; CXCL13, C-X-C
Motif Chemokine Ligand 13; ICB, Immune Checkpoint Blockade;
PD-L1, Programmed Death-Ligand 1; PDI1, Programmed Cell Death
Protein 1; PMN-MDSCs, Polymorphonuclear Myeloid-Derived
Suppressor Cells; TANs, Tumor-Associated Neutrophils; ROI, Regions of
Interest; H&E, Hematoxylin-and-Eosin; E-TLS, Early Tertiary Lymphoid
Structures; FL-TLS, Follicle-Like Tertiary Lymphoid Structures; Treg,
Regulatory T; HLA, Human Leukocyte Antigen; MHC-II, Major
Histocompatibility Complex II; CXCR2, C-X-C Chemokine Receptor 2;
NSCLC, Non-Small Cell Lung Cancer.

cance of TLSs and TANs/PMN-MDSCs in bladder cancer
patients treated with ICB therapy. We performed a ret-
rospective study using formalin-fixed paraffin-embedded
samples from 26 primary bladder cancers (Supplementary
Table S1, Supplementary Methods). Samples were stained
with hematoxylin-and-eosin (H&E) to recognize 58 TLS
regions of interest (ROIs), which were further stained
with 14 cell markers with MultiOmyx (Figure 1A, Supple-
mentary Table S2). The co-staining patterns allowed the
identification of various immune populations, including
TANSs (Supplementary Figure SI1A, Supplementary Table
S3). The 58 TLSs were classified into 23 early TLSs (E-TLSs)
and 35 follicle-like TLSs (FL-TLSs) based on the morphol-
ogy: E-TLSs contained less organized B cells and T cells in
an irregularly shaped region and very few (or no) PNAd™*
HEVs, whereas FL-TLSs had demarcated a B-cell zone and
a T-cell zone in a follicular structure interspersed with sev-
eral HEVs (Figure 1B). As expected, FL-TLSs contained
higher densities of B cells and extended larger areas than
E-TLSs (Figure 1C).

To examine the spatial distribution and interrelation-
ship of immune cells relative to TLSs, we set the TLS-ROIs
as the center and selected ROIs 500 um and 1,000 um
away as near-TLS-ROIs and far-TLS-ROIs (Figure 1D).
We compared the immune cell densities in the three
ROI types (Figure 1E). Lymphocytes, including B, CD4*
T, CD8" T and regulatory T (Treg), were most abun-
dant in the TLS-ROIs and decreased as the distance from
TLSs increased. Similar patterns were observed for human
leukocyte antigen (HLA)-DR™ [major histocompatibil-
ity complex (MHC)-II~] myeloid cells, C-X-C chemokine
receptor 2 (CXCR2)*MHC-II- myeloid cells, and TANs
(Figure 1E). CXCR2 is a predominant chemokine receptor
for PMN-MDSCs in bladder cancer [6]. About 10%-30% of
TANs were CXCR2* (Supplementary Figure S1B). For FL-
TLSs, the densities of lymphocytes, MHC-II~ myeloid cells
and TANSs followed the TLS>near>far pattern (Figure 1F).
For E-TLSs, lymphocyte densities remained highest in
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FIGURE 1 MultiOmyx and in silico analysis of TLSs and immune populations in bladder cancer. (A) Project workflow with MultiOmyx.
(B) Representative MultiOmyx images of E-TLS and FL-TLS. TLS region was contoured with white dash lines. (C) Densities of B cells in E-TLS
and FL-TLS in TLS-containing ROIs (upper). TLS area sizes of E-TLS and FL-TLS in TLS-ROIs (lower). P values were calculated with Mann
Whitney U test. (D) Representative H&E section marked with two TLS-ROIs (green) surrounded by multiple near-TLS-ROIs (purple) and
far-TLS-ROIs (pink). (E) Comparison of the densities of various lymphocyte and myeloid populations in TLS-ROIs, near-TLS-ROIs and
far-TLS-ROIs. P values were calculated with Kolmogorov-Smirnov test. The box limits are the lower and upper quantiles, and the whiskers
extend to the most extreme values within 1.5 x IQR. (F) More refined comparison of the densities of lymphocyte and myeloid populations
based on both ROI types (TLS, near, far) and TLS stages (E-TLS, FL-TLS). The box limits are the lower and upper quantiles, and the whiskers
extend to the most extreme values within 1.5 x IQR. (G) Violin plots showing the distances of MHC-II~ myeloid cells to B cells, CD8* T cells,
Treg and MHC-II* myeloid cells in the TLS-ROIs, with the schematic illustrating the median distances. P values were calculated with
Kolmogorov-Smirnov test. (H) Overall survival of the upper and lower tertiles of patients in IMvigor210 based on 12-chemokine genes
signatures or CXCL13 expression. Log-rank test P values are marked. (I) Correlation of CXCL13 gene expression or 12-chemokine gene
signature expression with either of the two PMN-MDSC gene signatures based on the IMvigor210 dataset. Spearman correlation coefficient p
and P values are marked. (J) Kaplan-Meier analysis for overall survival of patients in IMvigor210 classified into four groups based on CXCL13
expression (TLS marker) and either of the two PMN-MDSC gene signatures. Upper and lower tertiles were classified as high (hi) and low (lo)
for the signatures, respectively. P values based on two-sided log-rank tests are marked. In all the tests, * P < 0.05, ** P < 0.01, *** P < 0.001; ns,
P> 0.05. AJ, artificial intelligence, C-X-C chemokine receptor 2; CXCL13, C-X-C motif chemokine ligand 13; DAPI,
4’,6-diamidino-2-phenylindole; E-TLS, early tertiary lymphoid structure; FL-TLS, follicle-like tertiary lymphoid structure; H&E,
hematoxylin-and-eosin; HLA-DR, human leukocyte antigen DR CXCR2, IQR, interquartile range; MHC-II, major histocompatibility complex
class II; ns, not significant; PMN-MDSC, polymorphonuclear myeloid-derived suppressor cell; PNAd, peripheral node addressin; pan-CK,
pan-cytokeratin; ROI, regions of interest; Treg, regulatory T; TAN, tumor-associated neutrophil; TLS, tertiary lymphoid structure.
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TLS-ROIs, but showed no significant difference between
near and far ROIs; the stepwise decreasing trend was
present in myeloid cells but did not reach statistical signif-
icance (Figure 1F). Regarding cell-cell distances, MHC-1I~
myeloid cells were closest to B cells and CD8* T cells,
followed by Treg, and farthest from MHC-II* myeloid
cells (Figure 1G, Supplementary Table S4). Distances
between MHC-II™ myeloid cells and other immunocytes
were shorter in TLS-ROIs than in near- or far-TLS-ROIs
(Supplementary Figure S1C).

Given the density enrichment of TANs in TLSs and
that many TANs function as PMN-MDSCs, we assessed
the clinical association between TLSs and PMN-MDSCs
using gene signatures based on the IMvigor210 phase 2
trial of atezolizumab (anti-PD-L1) on advanced urothe-
lial carcinoma [7]. TLS signatures (12-chemokine [2]
or CXCL13 [3]) were associated with better survival
(Figure 1H, Supplementary Table S5). Both TLS signatures
were positively correlated with a 32-gene PMN-MDSC
signature [8] or a 38-gene PMN-MDSC signature [9]
(Figure 11, Supplementary Table S5). When patients were
stratified based on both TLS and PMN-MDSC signatures,
the survival from favorable to unfavorable followed the
order TLSME"PMN-MDSC'*" > TLSPMehPMN-MDSChigh
> TLSYPMN-MDSC% > TLS°VPMN-MDSCPi"
(Figure 1J). Note that the TLSM&"PMN-MDSC!Y and
TLS°YPMN-MDSCMe?  groups had lower numbers
of patients because the two signatures had opposite
trends.

We tested the association of TLS signatures with two
TAN signatures (Supplementary Table S5) in IMvigor210.
Consistent with the PMN-MDSC signatures, both TAN
signatures were positively correlated with TLS signa-
tures (Supplementary Figure S1D), and overall survival
followed the order TLSMEMTANW > TLShighTANDigh >
TLSP°"TANW > TLS!°"TANDigh from favorable to unfa-
vorable outcomes (Supplementary Figure SIE). We also
tested the prognostic significance of TLS signatures alone
or in conjunction with the PMN-MDSC signature in
non-small cell lung cancer (NSCLC) treated with anti-PD-
1/PD-L1 therapy [10]. TLS signatures were again associ-
ated with better overall survival (Supplementary Figure
S1F) and with PMN-MDSC signature (Supplementary
Figure S1G). When both signatures were used to strat-
ify NSCLC patients, overall survival also followed the
order TLSME"PMN-MDSC!*" > TLSME'PMN-MDSChigh
> TLS'°YPMN-MDSC'*" > TLS!°“PMN-MDSC"&" from
favorable to unfavorable outcomes (Supplementary Figure
S1H). Therefore, the TLS/PMN-MDSC prognostic asso-
ciation is also valid in anti-PD-1/PD-L1 antibody-treated
NSCLC.

We stratified patients in IMvigor210 into basal and
luminal subtypes based on a 47-gene signature (Sup-

plementary Figure S2A, Supplementary Table S5). The
luminal subset survived better than the basal subset
(Supplementary Figure S2B). TLSM&P patients in both
subtypes survived better than TLS!°" patients (Supple-
mentary Figure S2C), and TLS signatures were correlated
with PMN-MDSC signatures in both subtypes (Supple-
mentary Figure S2D). TLS and PMN-MDSC levels assessed
by signature expressions were higher in the basal than
in the luminal subtype (Supplementary Figure S2E).
TLSPMENPMN-MDSCIV patients showed more favorable
outcome than TLSI°PMN-MDSCPigh patients in the basal
subtype (Supplementary Figure S2F). The luminal subtype
was difficult to assess in the same manner due to very few
PMN-MDSCPigh cases. Lastly, both TLS and PMN-MDSC
signatures were associated with PD-1 or PD-L1 levels
(Supplementary Figure S2G) and T cell pathways (PD-
1- or exhaustion-related) in IMvigor210 (Supplementary
Figure S2H).

Our study made two main discoveries. First, lympho-
cytes and immunosuppressive myeloid cells (especially
TANSs) were most abundant in mature TLSs of bladder can-
cer, with densities decreasing as the distance from TLSs
increased. While we speculated that TAN density follows
this gradient if TANs enter TLSs through HEVs and diffuse
radially, an alternative model where TANs extravasating
into the tumor bed enrich through a chemokine gradient
toward TLSs may lead to the same result. Future exper-
iments with cell tracing may answer which mechanism
prevails. Second, patients with bladder cancer character-
ized as TLSM&"PMN-MDSC!®" and TLS!°Y PMN-MDSChigh
showed the best and worst prognosis with anti-PD-L1
therapy, respectively. These results may have the fol-
lowing clinical implications: (i) an immune score based
on TLSME"PMN-MDSC!°Y may help select patients who
would benefit most from ICB therapy; (ii) for TLS'°YPMN-
MDSChigh patients, strategies to induce TLS formation and
debilitate PMN-MDCSs may help overcome ICB therapy
resistance.
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