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Research Article

Matched analysis of detailed peripheral
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Background: Bladder cancer and therapy responses hinge on immune profiles in the tumor
microenvironment (TME) and blood, yet studies linking tumor-infiltrating immune cells to peripheral
immune profiles are limited. Methods: DNA methylation cytometry quantified TME and matched
peripheral blood immune cell proportions. With tumor immune profile data as the input, subjects were
grouped by immune infiltration status and consensus clustering. Results: Immune hot and cold groups
had different immune compositions in the TME but not in circulating blood. Two clusters of patients
identified with consensus clustering had different immune compositions not only in the TME but also
in blood. Conclusion: Detailed immune profiling via methylation cytometry reveals the significance of
understanding tumor and systemic immune relationships in cancer patients.

Plain language summary: Bladder cancer and treatment outcomes depend on the immune profiles in
the tumor and blood. Our study, using DNA methylation cytometry, measured immune cell proportions
in both areas. Patients were grouped based on immune status and consensus clustering. Results showed
distinct immune compositions in the tumor, but not in blood, for hot and cold groups. Consensus clustering
revealed two patient clusters with differing immune compositions in both tumor and blood. This detailed
immune profiling highlights the importance of understanding the complex interplay between tumor and
systemic immunity in bladder cancer patients.

Tweetable abstract: Bladder cancer immune profiles explored using DNA methylation cytometry. Tumor
and blood immune compositions differ, highlighting the importance of detailed immune profiling.
#BladderCancer #ImmuneProfiling

First draft submitted: 13 October 2023; Accepted for publication: 11 December 2023; Published online:
15 January 2024

Keywords: bladder cancer • circulating immune profiles • DNA methylation • immune profiles • methylation
cytometry • tumor microenvironment

The immune system in the tumor microenvironment (TME) plays a critical role in bladder cancer development and
treatment. Considerable evidence has indicated that bladder cancer cells are able to shape the microenvironment,
resulting in immunosuppression beneficial for tumorigenesis. For example, due to the overexpression of S1PR1 in
bladder cancer cells, TGF-β- and IL-10-induced Treg expansion has been shown to lead to suppression of cytotoxic
T cells in the TME [1,2]. Numerous studies have indicated that myeloid-derived suppressor cells, which exhibit
immunosuppressive properties, are recruited by bladder cancer cells with the secretion of CXCL2 and macrophage
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migration inhibitory factor [3]. Infiltrating myeloid-derived suppressor cells are able to express arginase-1, inducible
nitric oxide synthases and PD-L1 to induce Treg activation and suppress the function of T, B and natural
killer (NK) cells [4–6]. Given that bladder cancer cells can escape from immune surveillance with the assistance of
immunosuppressive cells, many treatments have been developed to target immunosuppressive cells and/or stimulate
the activation of antitumor immune cells.

Following transurethral tumor resection, immunotherapies may be used in bladder cancer management. In-
stillation of Bacillus Calmette–Guérin (BCG) treatment is an immunotherapy used to prevent the recurrence
and progression of non-muscle-invasive bladder cancer (NMIBC) [7]. Additionally, immune checkpoint inhibitors
(ICIs) demonstrate significant efficacy in patients with BCG-refractory NMIBC, prevention of recurrence fol-
lowing cystectomy for muscle-invasive bladder cancer (MIBC) and in the management of metastatic disease [8].
BCG treatment uses the attenuated form of the tuberculosis vaccine, which induces an inflammatory reaction and
activates antitumor immune cells, such as NK and CD8 T memory cells, within the TME [7,9]. ICIs are used to
block the interaction of PD-1 with PD-L1, aiming to restore the activity of effector T cells against bladder cancer
cells [8]. However, <30% of bladder cancer patients respond to immunotherapy [10–12]. One potential contribution
to immunotherapy resistance is the immune landscape of the TME. For instance, patients with abundant T-cell
infiltration in the TME, typically called immune hot, respond better to ICIs compared with patients with little
immune cell infiltration, also known as immune cold tumors [13–16]. Currently, there is no standard definition of
immune hot and cold tumors for bladder cancers, and a more complete understanding of the immune composition
of the TME is required to improve treatments for bladder cancer.

Only a few studies have investigated both the tumor and peripheral blood immune status in bladder cancer.
Existing work to date has been limited to tumor and peripheral blood neutrophil measures. For example, high
neutrophil proportions in both peripheral blood and the TME have been associated with immunosuppressive
effects in bladder cancer [17]. Additional works investigating other immune cell types within the bladder cancer
microenvironment and their association with circulating immune profiles are needed to improve the management
of bladder cancer.

Due to the critical role in gene regulation for cell lineage specification [18,19], DNA methylation profiles can
be leveraged to estimate cell-type proportions [20–22]. The major advantages of DNA methylation cytometry are
high accuracy and the ability to work in archival specimens [23–25]. Many studies have exploited DNA methyla-
tion cytometry in the cancer research field, including bladder cancer [25–28]. Currently, publicly available DNA
methylation data for tumor tissue are predominantly from MIBCs, and thus information on NMIBCs is lacking
as matched data from blood samples are uncommon. Here we obtained tumor tissues and matched blood samples
from NMIBC and MIBC patients through a population-based case–control study [29–31]. We aimed to investigate
the relationship of immune profiles in circulating peripheral blood with immune profiles in the TME in bladder
cancer subtypes. As our samples were archival specimens, we performed DNA methylation cytometry to identify
the immune profiles of both compartments. Recently, our group developed methods that enable the deconvolution
of DNA methylation data quantifying cell types in the TME [32] and immune cell types in peripheral blood [20].
Here we identified and compared the distributions of immune landscapes in bladder cancer patient tumors and
peripheral blood using DNA methylation.

Materials & methods
Study subjects & samples
The study subjects have been described in detail in prior research [29–31]. In brief, we included a subset of bladder
cancer patients recruited in three phases from a population-based case–control study in New Hampshire [33]. For
our research, we included 331 subjects diagnosed between July 1994 and June 1998 in the phase 1 study, 243
between July 1998 and December 2001 in the phase 2 study and 194 between July 2002 and December 2004 in the
phase 3 study. Subjects from phases 1 and 2 were identified using the New Hampshire State Cancer Registry and
hospital cancer registry, while subjects in phase 3 were only those included in the hospital cancer registry. Patients
with both available blood and tumor samples (n = 88) were included in the present study. Among 88 subjects, the
median time interval from the initial diagnosis to the blood draw was 207 days. All blood samples were stored at
4◦C and then frozen within 24 h of blood draw. Overall 11% (n = 10) of patients received treatment with BCG,
and blood samples were taken after treatment (median: 583 days). All tumor samples were primary tumors from the
initial biopsy or surgical resection via transurethral resection of bladder tumor, which was generally taken around
the time of initial diagnosis, and BCG was administered after transurethral resection.
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Formalin-fixed, paraffin-embedded (FFPE) tumor specimens and pathology reports were requested from treating
physicians/pathology laboratories with initial diagnoses. Bladder tumors were reviewed by a single pathologist and
classified based on the WHO classification criteria [31]. DNA extraction was performed using the QIAamp DNA
FFPE Tissue Kit (Qiagen, CA, USA). Study participants underwent an extensive in-person interview to gather
comprehensive data on demographic characteristics and risk factors, including information on cigarette smoking
history [29–31,33].

DNA extraction, qualification & bisulfite modification
Blood and tumor DNA extraction was performed using the Qiagen QIAamp DNA Blood Kit and QIAamp DNA
FFPE Tissue Kit, respectively, according to the manufacturer’s protocol. For FFPE DNA extraction, QIAamp DNA
FFPE Tissue Kit (Qiagen 56404) and supplementary deparaffinization solution protocol (Qiagen 19093) were used.
In brief, 20-μm sections were cut from the paraffin-embedded tissue and placed into 1.5-ml Eppendorf tubes.
The paraffin was removed by adding 320 μl of deparaffinization solution, followed by vortexing and incubation
at 56◦C for 3 min. Next, 180 μl of Buffer ATL was added to the sample, vortexed and centrifuged for 1 min at
10,000 r.p.m., then 20 μl proteinase K was added to the lower, clear phase of the sample, mixed and incubated
at 56◦C for 1 h, followed by a second incubation at 90◦C for 1 h. Samples were then centrifuged for 30 s at
10,000 rpm and the lower, clear phase was transferred into a new 2-ml microcentrifuge tube. Clear phase samples
were then processed using the remaining steps of the standard QIAamp DNA FFPE Tissue Kit protocol.

We quantified and qualified the extracted DNA from tissue and blood using a Qubit™ 3.0 fluorometer (Life
Technologies, CA, USA) and Fragment Analyzer (Advanced Analytical, IA, USA). Extracted DNA samples were
conducted for bisulfite modification with EZ DNA Methylation Kit (Zymo Research, CA, USA) according to the
instructions of the manufacturer. Approximately 50–250 ng of DNA was referred to Diagenode (NJ, USA) for
EPIC array analysis.

DNA methylation profiling
Bisulfite-modified DNA samples were subjected to the Infinium™ MethylationEPIC BeadChip array (Illumina,
Inc., CA, USA) and measured for their methylation intensity at >850,000 CpG sites. Probe intensity data (iDAT)
files were processed via the preprocessNoob normalization method from the R package minfi [34]. ENmix [35], another
R package, was performed for the quality control of probes. For sample selection, we set that samples with more
than 5% of probes with a detection p-value > 1.0 × 10-6 would be excluded to distinguish from background
noise; fortunately, all samples had good quality and were kept in the study. Probes were checked by observing any
probes that were not missing in more than 10% of the samples. BMIQ [36] from the watermelon [37] R package was
performed for probe-type normalization, and batch effects were corrected using ComBat [38]. Then, 119,258 probes
previously described to be potentially cross-hybridizing, sex-specific, non-CpG methylation and SNP-associated
were filtered [39]. In total, 746,980 were included in the final analysis (Figure 1A). The CpG loci were annotated
with the IlluminaHumanMethylationEPICanno.ilm10b4.hg19 [40] R package.

Statistical analysis
Cell-type proportions in the TME were inferred using hierarchical tumor immune microenvironment epigenetic
deconvolution (HiTIMED; https://github.com/SalasLab/HiTIMED) [32], and circulating cell-type proportions
of 12 cell types were estimated through the projectCellType CP from the FlowSorted.Blood.EPIC R package [20].
The blood deconvolution method was applied to DNA methylation profiles of 12 immune cell types derived
from peripheral blood. Employing the IDentifying Optimal Libraries algorithm, a deconvolution library tailored
specifically to blood samples was generated. The 12 immune cell types in blood encompass neutrophils, eosinophils,
basophils, monocytes, naive B cells, memory B cells, NK cells, naive CD4 T cells, memory CD4 T cells, naive
CD8 T cells, memory CD8 T cells and Treg cells. The HiTIMED approach returns 17 cell types representative
of three major TME components including the 12 immune cell types listed above plus dendritic cells, tumor,
nontumor epithelial, endothelial and stromal cells. HiTIMED was developed involving the implementation of the
InfiniumPurify pipeline and limma linear regression for library development, and it makes 20 sets of hierarchical
libraries available for each of the 20 tumor types whose microenvironment cell types it can deconvolute. It is
noteworthy that each deconvolution library uses distinct CpG loci, is intended for use in the specific biospecimen
type and has been optimized for the respective sample types.
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Extracted DNA from tumor and blood of bladder cancer patients (n = 88)

Methylation EPIC array was used to measure the DNA methylation
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and to get beta values

BMIQ was conducted to correct the bias of type-2 probe values

ComBat was used for the batch effects

HiTIMED: tumor methylation profiles were used
to estimate cell-type proportions in 

tumor microenvironment

FlowSorted.Blood.EPIC: Blood methylation
profiles were used to estimate peripheral
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Figure 1. Data processing and cell distribution in tumor microenvironment and peripheral blood. (A) Data processing schematic. DNA
was extracted from tumor tissues and matched blood samples of 88 bladder cancer patients. After serial preprocessing steps, DNA
methylation profiles were applied to estimate cell-type proportions in (B) tumor tissues and (C) blood using HiTIMED and
FlowSorted.Blood.EPIC methods respectively.
NLR: Neutrophil-to-lymphocyte ratio.

To integrate the information of cell-type proportions from tumor and blood, we grouped subjects using two
methods. The first grouping method was according to the concept of immune hot and immune cold tumors.
Because there is no standard definition of immune hot and immune cold tumors in bladder cancers, we grouped
subjects based on the total percentage of antitumor immune cell-type proportions in the TME. If the sum of
dendritic cell, NK and naive and memory subsets of CD4 T cell, CD8 T cell and B cell proportions was >5%,
patients were assigned to the high immune infiltration (immune hot) group; otherwise they were assigned to the
low immune infiltration (immune cold) group.

To also take an agnostic approach to grouping tumors by immune infiltration status, we performed consensus
clustering [41] of standardized immune cell-type proportions in the TME as input using the ConsensusClusterPlus [42]

R package with the setting of the following parameters and standardized immune cell-type proportions in the TME
as input. The clustering algorithm was hierarchical clustering using a distance of 1 − Spearman correlation values.
The number of repetitions of subsampling and clustering was 1000. To avoid overfitting, 80% of subjects were
randomly selected for each repetition. The optimal number of clusters was determined by examining the cumulative
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Table 1. Characteristics of the study subjects.
NMIBC (n = 75) MIBC (n = 13) All (n = 88)

Age

Median (Q1, Q3) 67 (56, 71) 69 (64, 76) 67 (57, 72)

Sex

Male 57 (76%) 8 (62%) 65 (74%)

Female 18 (24%) 5 (38%) 23 (26%)

Tumor grade

Low 56 (75%) 3 (23%) 59 (67%)

High 19 (25%) 10 (77%) 29 (33%)

Tumor stage

0a 61 (81%) 0 (0%) 61 (69%)

I 14 (19%) 0 (0%) 14 (16%)

II 0 (0%) 8 (62%) 8 (9%)

III 0 (0%) 2 (15%) 2 (2%)

IV 0 (0%) 3 (23%) 3 (4%)

Smoking status

Never 12 (16%) 2 (15%) 14 (16%)

Former 40 (53%) 6 (46%) 46 (52%)

Current 21 (28%) 5 (39%) 26 (30%)

Missing 2 (3%) 0 (0%) 2 (2%)

BCG immunotherapy

No 65 (87%) 13 (100%) 78 (89%)

Yes 10 (13%) 0 (0%) 10 (11%)

BCG: Bacillus Calmette–Guérin; NMIBC: Non-muscle-invasive bladder cancer; MIBC: Muscle-invasive bladder cancer.

distribution function plot (Supplementary Figure 1), which guided our selection of two clusters. To test whether the
immune composition in peripheral blood was different between groups, we performed permutational multivariate
analysis of variance (PERMANOVA) using the PERMANOVA [43] R package, and the input was Aitchison distance
matrix calculated by the robCompositions [44] R package. Differences in cell-type proportions between two groups
generated via two methods (immune hot/cold and consensus clustering) were evaluated using the Wilcoxon
rank sum test. Statistical comparisons between two categorical variables were performed using Fisher’s exact test
(two-tailed).

Results
Characteristics of subjects
The study group consisted of 75 NMIBC patients and 13 MIBC patients. The median age was 67 years; 65
(74%) were men; 59 (67%) had tumors in low grade; 46 (52%) and 26 (30%) were former and current smokers,
respectively; and 10 (11%) patients received BCG treatment (Table 1). DNA methylation profiles obtained from the
TME of 88 patients were used to estimate cell-type proportions in TME through HiTIMED, and the distribution
of cell proportions is displayed in Figure 1B. The distribution of the matched methylation-derived immune cell
profiles in the blood is shown in Figure 1C.

The potential influence of time elapsed between diagnosis and blood draw on the distribution of circulating
immune cell-type proportions was considered. Thus, subjects were stratified according to the median time interval,
allowing us to explore potential variations in immune profile distribution within peripheral blood across these
groups. Our study findings revealed no discernible differences in circulating immune profiles between the stratified
groups (Supplementary Figure 2). Furthermore, it is worth noting that BCG treatment could potentially impact the
distribution of circulating immune cells. To assess this, we conducted a comparative analysis of immune cell-type
proportions, both including and excluding patients who underwent BCG treatment. Our investigation revealed
no significant differences in the distribution of circulating immune cells between groups including and excluding
patients who received BCG treatment (Supplementary Figure 3).
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Differences in tumor cell distribution between NMIBC & MIBC patients
We first investigated the association of tumor muscle-invasive status with the distribution of cell-type proportions
in both the TME and peripheral blood. Within the TME, we observed that NMIBC patients had significantly
lower memory B, NK, neutrophil, memory CD8 T, endothelial, stromal and dendritic cell proportions and a
higher epithelial cell proportion compared with MIBC patients (Figure 2); however, no significant differences in
circulating immune profiles were observed between NMIBC and MIBC patients (Supplementary Figure 4).

The impact of tumor immune infiltration on peripheral blood immune cell distribution
In recent years, several studies have reported that cellular immune composition within a tumor plays a critical
role in tumor development and the response to immunotherapy, generating the concept of immune hot and cold
tumors [13,14,45,46]. Because tumor-infiltrated immune cells translocate to tumor sites through the bloodstream, we
assessed the association between immune cell-type proportions in TME and blood. Due to the lack of a standard
definition of immune hot and cold tumors for bladder cancer, we clustered subjects based on the infiltrated
antitumor immune cell proportions (the sum of dendritic cells, NK cells and naive and memory subsets of
lymphocytes). Typically, the concept of immune hot and cold tumors is limited by diverse methods to assess the
level of immune cell infiltration in tumors, and limited specificity of the immune cell types that are assessed. For
instance, strong antitumor immune responses or abundant antitumor immune cell infiltration (e.g., with CD3+ and
CD8+ cytotoxic T cells, NK cells) in the TME have been associated with better responses to immunotherapy [49].
Tumors with higher levels of infiltrating lymphocytes are often termed hot tumors, while those with lower levels are
referred to as cold tumors [13,14,47–49]. The specific cutoff values may vary across studies and tumor types. Given that
this was an exploratory analysis, we set the cutoff value for high and low immune infiltration tumors as 5%. The
median value of infiltrated antitumor immune cell proportion is 7%. Antitumor immune cell proportion of <5%
in the TME was defined as low immune infiltration (immune cold: n = 38), while tumors with infiltrating immune
cell proportions >5% were in the high immune infiltration group (immune hot: n = 50). We found significant
differences in the immune composition in the TME between the two groups (p = 0.001; PERMANOVA test).
While our findings showed patients in the high immune infiltration group had higher eosinophil, memory CD4
T, memory CD8 T, NK, memory B and dendritic cell proportions in the TME compared with the low immune
infiltration group, we did not observe any statistical differences in the immune composition in peripheral blood
(p = 0.13; PERMANOVA test) or for individual cell types between the immune hot and immune cold patient
groups (Figure 3). We conducted Fisher’s exact test to determine whether there are associations between tumor
infiltration and tumor characteristics. We observed that high antitumor immune infiltration was associated with
tumor grade, stage and muscle invasiveness, but not with BCG treatment (Supplementary Table 1).

For NMIBC, patients were also stratified based on antitumor immune cell proportion (immune hot: n = 37;
immune cold: n = 38). A significant distinction in immune composition within the TME emerged between
immune hot and immune cold groups (p = 0.001; PERMANOVA test), while no significant differences were noted
in the immune composition of peripheral blood (p = 0.16; PERMANOVA test). Similar to the overall cohort
(NMIBC + MIBC), the immune hot NMIBC group exhibited higher proportions of eosinophils, memory CD4 T
cells, memory CD8 T cells, NK cells, memory B cells and dendritic cells in the TME compared with the immune
cold NMIBC group (Supplementary Figure 5). The Fisher’s exact test results for NMIBC patients are presented in
Supplementary Table 2.

Comparing tumor & blood immune cell distributions using consensus clustering
Next, we used an unbiased approach for grouping patients based on tumor immune infiltration with consensus
clustering, resulting in two groups (group 1: n = 43; group 2: n = 45). We observed a significant difference in the
immune composition in the TME between the two groups (p = 0.001; PERMANOVA test). Among nonimmune
cell types, group 1 patients had higher endothelial and stromal cell proportions and a lower epithelial cell proportion
in the TME compared with group 2 patients. Group 1 patients had significantly higher memory CD8 T, NK,
memory B and dendritic cell proportions and lower basophil and monocyte proportions in the TME (Figure 4).

Unlike the more basic approach using antitumor immune cell percentage in the TME, with groupings from
consensus clustering based on tumor immune cell proportions we observed statistical differences in the immune
composition in peripheral blood (p = 0.01; PERMANOVA test). In addition, individual circulating immune
profiles had significant differences between groups, including basophil, naive CD4 T and memory CD4 T cell
types (Figure 4). Interestingly, some peripheral blood cell proportions with significant differences between groups
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Figure 2. Cell profiles of tumor microenvironment in non-muscle-invasive and muscle-invasive bladder cancer
patients. Differences in cell-type proportions between NMIBC and MIBC patients were evaluated using the Wilcoxon
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www.futuremedicine.com 47



Research Article Chen, Salas, Wiencke et al.

10

15

20

5

0

p = 0.2

2

4

3

1

0

p = 0.99

5

8

10

2

0

p = 0.21

10

15

5

0

p = 0.21

20

30

40

10

0

p = 0.46

5

8

2

0

p = 0.2p

P
er

ip
h

h
er

al
 b

lo
o

d

C
el

l t
yp

e 
p

er
ce

n
t 

(%
)

3

4

2

1

0

p = 0.14

30

20

10

0

p = 0.2

10

5

0

p = 0.11

60

70

80

90

50

40

30

p = 0.66
15

10

5

0

p = 0.72

P
er

ip
h

er
al

 b
lo

o
d

C
el

l t
yp

e 
p

er
ce

n
t 

(%
) 3

4

2

1

0

p = 0.26

6

4

2

0

p = 0.076

Regulatory T

15

10

5

0

p = 0.002

Memory CD4T

p6

4

2

0

p = 0.72

Naïve CD4T

4

2

3

1

0

p = 0.00077

Neutrophil

3

2

1

0

p = 0.024

Eosinophil

T
u

m
o

r 
m

ic
ro

en
vi

ro
n

m
en

t

C
el

l t
yp

e 
p

er
ce

n
t 

(%
)

3

2

1

0

p = 0.34

Basophil

p = 3.4e-08 p = 0.00018 p = 6.5e-11 p = 1.0e-0960

40

20

0

Endothelial Epithelial Stromal Dendritic cell

p = 6.8e-12100

75

50

25

C
el

l t
yp

e 
p

er
ce

n
t 

(%
)

Tumor

T
u

m
o

u
r 

m
ic

ro
en

vi
ro

n
m

en
t

5

3

4

2

1

0

p = 0.72

5

0

p = 9.3e-14

15

20

10

6

4

2

0

p = 0.4

8

5

2

0

p = 2.7e-1025

15

20

10

5

0

p = 8.6e-132

2

2

1

0

0

p = 0.22

C
el

l t
yp

e 
p

er
ce

n
t 

(%
)

T
u

m
o

r 
m

ic
ro

en
vi

ro
n

m
en

t

Naïve CD8T Memory CD8T Natural killer Naïve B Memory B Monocyte

High Low

Figure 3. Tumor and blood cell profiles distribution of two groups assigned by the proportion of antitumor immune
infiltration. The high immune infiltration group (High) consisted of the 50 patients who had the sum of B, CD8 T, CD4
T, natural killer and dendritic cell proportions >5% in the tumor microenvironment. The low immune infiltration
group (Low) consisted of the 38 patients who had the sum of B, CD8 T, CD4 T, natural killer and dendritic cell
proportions ≤5% in the tumor microenvironment. Differences in cell-type proportions between two groups were
evaluated using the Wilcoxon rank sum test.
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Figure 4. Tumor and blood cell profiles distribution of two groups assigned by consensus clustering algorithm using
tumor immune profiles as input. Group 1 and group 2 consisted of 43 and 45 patients, respectively. Differences in
cell-type proportions between two groups were evaluated using the Wilcoxon rank sum test.
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Table 2. The distribution of subject characteristics within groups derived from consensus clustering.
Group 1 (n = 43) Group 2 (n = 45) Fisher’s exact test; two-tailed

Odds ratio (95% CI) p-value

Tumor grade 14.24 (4.32–46.89)† 8.50E-7

Low 18 (42%) 41 (91%)

High 25 (58%) 4 (9%)

Tumor stage 17.68 (4.74–65.99)‡ 4.46E-7

0a 19 (44%) 42 (94%)

I–IV 24 (56%) 3 (6%)

Muscle invasive 17.03 (2.1–137.9)§ 0.0007

No 31 (72%) 44 (98%)

Yes 12 (28%) 1 (2%)

BCG treatment 4.91 (0.98–24.65)¶ 0.047

No 35 (81%) 43 (96%)

Yes 8 (19%) 2 (4%)

Immune infiltration 82.0 (16.62–404.6)# 7.22E-14

Low 2 (5%) 36 (80%)

High 41 (95%) 9 (20%)

†Group 1 patients had 14.24-times the odds of having a high tumor grade compared with patients in group 2.
‡Group 1 patients exhibited 17.68-times the odds of having an invasive tumor stage (stage I–IV vs 0a) compared with patients in group 2.
§Group 1 patients had 17.03-times the odds of having muscle-invasive tumors compared with patients in group 2.
¶Group 1 patients had 4.91-times the odds of receiving BCG treatment compared with patients in group 2.
#Group 1 patients had 82-times the odds of having high antitumor immune infiltration compared with patients in group 2.
BCG: Bacillus Calmette–Guérin.

had the opposite direction of cell proportion differences observed in the tumor. For example, patients in group 1
had a lower basophil proportion in the TME but a higher basophil proportion in blood compared with group 2.
Despite not reaching statistical significance, patients with a higher monocyte proportion in the TME (group 2) had
a lower monocyte proportion in their blood (Figure 4). In addition, we found the grouping result was associated
with tumor grade, stage, muscle-invasive status and BCG treatment (Table 2). Interestingly, the findings showed
that group 1 patients demonstrated significantly increased odds of having an advanced tumor stage (stage I–IV vs
0a; odds ratio: 17.68; 95% CI: 4.74–66.00), having a high tumor grade (odds ratio: 14.24; 95% CI: 4.32–46.90),
being MIBC patients (odds ratio: 17.03; 95% CI: 2.10–137.90) and having high antitumor immune infiltration
(>5%; odds ratio: 82.0; 95% CI: 16.62–404.6) compared with patients in group 2 (Table 2).

The same methodology was applied to NMIBC patients exclusively (group 1: n = 27; group 2: n = 48). Once again,
a significant difference in immune composition within the TME was observed between the two groups (p = 0.001;
PERMANOVA test), with similar immune cell proportions compared with the overall cohort (NMIBC + MIBC)
(Supplementary Figure 6). However, no statistical difference was found in the immune composition in peripheral
blood between the two groups (p = 0.07; PERMANOVA test). Additionally, the grouping results were associated
with tumor grade, stage, antitumor immune infiltration levels and BCG treatment (Supplementary Table 3). The
tumor/node/metastasis stage for MIBC and NMIBC with the distributions for consensus clustering model results
is shown in Supplementary Table 4.

Discussion
The objective of this study was to investigate the distribution of immune cells within the TME of bladder cancer
and explore its potential association with circulating immune profiles. Initially, we employed the HiTIMED [32]

approach to estimate the cell distribution in the TME. Our findings revealed a scarcity of naive lymphocytes (∼0%)
in tumor tissues, aligning with their rarity in nonlymphoid tissues except peripheral blood [50–53]. Furthermore,
we utilized the FlowSorted.Blood.EPIC [20] method to infer immune profiles within matched blood samples.
Unsurprisingly, the mean neutrophil-to-lymphocyte ratio (NLR), a prognostic marker in various cancer types, was
found to be 2.3 (Q1–Q3: 1.5–2.9). This value slightly exceeded the normal range of 1–2, as NLR values above
2.3 in adults serve as an early indicator of pathological conditions and cancer development [54,55]. In past studies,
peripheral blood NLR has been demonstrated to be associated with an increased risk of death and tumor recurrence
in bladder cancer patients [28,56,57].
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We conducted several comparisons using different clustering approaches to address a knowledge gap regarding
the association of immune profiles in bladder cancer between two compartments. While no significant differences
were observed in circulating immune profiles between patients with MIBC and NMIBC, higher proportions of
NK cells, neutrophils, memory B cells, memory CD8 T cells and dendritic cells were found in the TME of MIBC
compared with NMIBC patients. These findings were consistent with a previous study that reported significantly
elevated CD3 and CD8 tumor-infiltrating lymphocyte cell counts in MIBC compared with NMIBC patients [58].

In order to investigate the association of immune distribution between two compartments, we initially adopted
the concept of immune hot and cold tumors to categorize the groups, although no standardized definitions were
available in previous studies. Significant variations in immune profiles within the TME were observed, indicating
distinctive immune characteristics among the categorized groups. In contrast, no significant differences were
detected in immune profiles within the peripheral blood between the groups, suggesting that the conventional
classification of immune hot and cold tumors might be inadequate in capturing the intricate relationship of
immune profiles between the two compartments.

Interestingly, when applying the consensus clustering approach to categorize subjects based on more detailed
immune infiltration profiling data, significant differences in immune profiles emerged within the TME and in
peripheral blood across the clustering groups. Of particular note, we observed an inverse relationship between
basophil proportions in the TME and peripheral blood (Figure 4). Previous research exploring the association
of basophils with bladder cancer demonstrated that high basophil counts in peripheral blood were linked to an
increased hazard of recurrence in high-grade T1 bladder cancer patients undergoing BCG treatment [59]. In our
study, patients with a high circulating basophil proportion (group 1) exhibited 17.68-times the odds of having
an invasive tumor stage (stage I–IV vs 0a) compared with patients in group 2. Similarly, patients with a high
circulating basophil proportion (group 1) had 14.24-times the odds of having a high tumor grade compared
with patients in group 2. Our previous study also demonstrated that elevated basophil proportions in blood were
associated with an increased risk of death in NMIBC patients, with patients exhibiting poor overall survival showing
higher circulating basophil proportions [60]. Although no study is currently surveilling basophils in the TME of
bladder cancer, tumor-infiltrating basophils in other cancer types have been reported to play a critical role in tumor
progression [61–63]. In addition to basophils, group 1 patients exhibited significantly lower monocyte proportions
in the TME but slightly higher monocyte and significantly lower CD4 T-cell proportions in peripheral blood.
Numerous studies have indicated that a high monocyte-to-lymphocyte ratio in the blood is associated with poor
bladder cancer outcomes [64–67]. Circulating monocytes can be recruited into the TME through tumor-derived
chemokines [68], where they differentiate into tumor-associated macrophages, promoting tumor cell survival, local
invasion and metastasis [69–71]. The lower monocyte proportion in the TME of group 1 patients may be attributed
to the tumor’s ability to facilitate the differentiation of infiltrating monocytes into tumor-associated macrophages.
Further investigations are warranted to validate this inference. Our exploration aims to encourage a re-evaluation of
existing paradigms, particularly conventional grouping methods like immune hot and cold, and stimulate further
research avenues that incorporate more detailed approaches for immune profiling.

To explore potential bias arising from analyzing NMIBC and MIBC together, we conducted analogous analyses
exclusively focusing on NMIBC patients. Essentially, in consensus clustering, the results remained similar regarding
the direction of the immune profiles in the TME and peripheral blood, with only slight numerical variations
(Figure 4 & Supplementary Figure 6). When evaluating how many patients were reclassified during consensus
clustering by exclusively focusing on NMIBC patients, we found that only six patients (8%) were reclassified
(Supplementary Table 5). This suggests that analyzing NMIBC and MIBC patients together does not impact the
results in our case. However, it is important to note that our dataset has a limited sample size of MIBC patients,
and further evaluation is needed if the sample size of MIBC increases.

Several potential limitations should be acknowledged in this study. Firstly, all blood samples were collected
after diagnosis, with a median time interval of 207 days (Q1–Q3: 120–517). Although the elapsed time may
impact the distribution of circulating immune profiles, we found that peripheral immune profiles exhibited similar
distributions when stratified based on the median time interval. Secondly, BCG treatment has been shown to
influence immune profiles in both the TME and the circulatory system [72–74]. Despite lacking the information
for responsiveness and the number of treatment cycles for each patient with treatment (n = 10; 13%), we did a
comparison for circulating immune distribution between the datasets, including patients with BCG treatment (n
= 88) or not (n = 78), demonstrating similar distribution. Furthermore, the sample size ratio between NMIBC
and MIBC is imbalanced. Future data collection efforts should focus on including more MIBC patients than
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NMIBCs to address this issue. Also, because novel approaches to immune profiling are being applied and our
sample size is limited, we underscore that this study is exploratory, hypothesis-generating. Additional investigations
using methylation cytometry immune profiling in matched blood and tumor samples are needed in bladder cancer
and other tumor types. However, publicly available datasets with DNA methylation data from tumor tissues and
matched blood samples are currently lacking. Additionally, due to incomplete information, we were unable to
investigate the influence of other confounders, such as alcohol consumption [75,76] and obesity [77,78], on immune
cell distribution. Finally, further studies with larger and independent patient cohorts are needed to validate and
confirm these preliminary results.

Conclusion
Taken together, these results suggest that further investigations are warranted to unravel the intricate interplay
between local and systemic events in immune modulation against bladder cancer cells. Our study presents a
potential opportunity facilitated by a detailed immune profiling approach that utilizes cell-specific methylation
data to deconvolute the TME. This work has provided additional insights into data analysis encompassing both
tumor and peripheral blood immune profiles. We believe our findings will provide valuable contributions to further
understanding immunotherapy response and the underlying mechanisms of bladder cancer development. Our
findings show that detailed immune profiles from methylation cytometry offer new approaches to discerning tumor
and systemic immune status relationships in cancer patients.

Summary points

• Bladder cancer development and the response to therapy are influenced by immune profiles in the tumor
microenvironment (TME) and peripheral blood.

• Despite the significance of immune involvement, studies investigating associations of tumor-infiltrating immune
cell levels with circulating blood immune profiles are limited.

• We identified and compared the distributions of immune landscapes in bladder cancer patient tumors and
peripheral blood using DNA methylation.

• Compared with non-muscle-invasive bladder cancer patients, muscle-invasive bladder cancer patients had higher
dendritic cell, memory B, natural killer and memory CD8 T cell proportions in the TME.

• Patients with high antitumor immune infiltration had higher dendritic cell, eosinophil, memory CD4 T, memory
CD8 T, natural killer and memory B cell proportions in the TME compared with the low antitumor immune
infiltration group, but there were no differences in circulating immune profiles.

• With consensus clustering, patients in group 1 had significant differences in immune profiles in both TME and
peripheral blood.

• Interestingly, group 1 patients had the inverse association of basophil proportions in blood and TME.
• This study not only clarifies the potential link between immune profiles in the two compartments but also

underscores the promising opportunity to utilize the comprehensive immune profiling method based on
methylation data.
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