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Background: Treatment failures (TFs) generally exist in the course of ulcerative colitis (UC), while early reliable predictors of TFs
are still lacking. We aimed to generate nomograms for the prediction of TFs.

Methods: In this retrospective case—control study, the endpoint was the occurrence of TFs, which included medically associated
treatment failures and surgery-associated treatment failures (colectomy). Clinical features and mucus integrity evident by goblet cells
(GCs) number, expression levels of MUC2 and SLC26A3 were enrolled in the univariate analysis. Nomogram performance was
evaluated by discrimination and calibration.

Results: We identified 256 UC patients at our center from January 2010 to June 2022. Fourteen variables for TFs and 9 for colectomy
were identified by univariate analysis. Five baseline indices were incorporated into the nomogram for the prediction of TFs: area of
GCs, age at diagnosis, disease duration, hemoglobin, and Mayo score. The model was presented with decent discrimination (C index
of 0.822) and well calibration. In addition, the colectomy predictive nomogram was built using MUC2 intensity, age at onset, and
Mayo score with a good discrimination (C index of 0.92).

Conclusion: Nomograms based on comprehensive factors including mucus barrier function were developed to predict TFs in UC
patients with great discrimination, which may serve as practical tools aiming to identify high-risk subgroups warrant timely
intervention.
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Introduction
Ulcerative colitis (UC), a common subtype of inflammatory bowel disease (IBD), is presented with high morbidity
universally."? Given its frequent relapse and incurable features, UC has evolved as a global burden.** Even though it is
easier to get control than other IBD patients, a few patients still experience unbeneficial outcomes, such as loss of control
under monotherapy or surgical treatment.”® Even the loss of response to biological intervention by biologic would occur
in the unfortunate.””® Constant transition of therapy is common because of drug resistance or intolerance.”'® Surgery is an
unavoidable method for patients presented no response to medications or with identified colorectal neoplasm.>®
Colectomy, as a paradigm surgery for UC, severely affects the patients’ quality of life.’

No general validated definition has been identified for treatment failures (TFs) in UC patients. Few studies simply
defined TFs with monotherapy as the absence of clinical response.''™'* These patients exhibit a more progressive disease

course for advanced therapy. Hence, a predictive model to identify patients that warrant timely intervention is necessary.
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Currently, few studies have reported on developing risk prediction models for UC-related TFs, which mostly focused on

monotherapy efficacy or surgery risk individually, and mainly included only routine clinical factors.'*'

The mucus barrier'®!”

plays an essential role in the pathogenesis of UC, and its impairment is proven to be an early
event.'® Single-cell RNA sequencing revealed a changed profile of colonic goblets in UC patients.” Goblet cells (GCs)
depletion, a typical histological variation in UC, was an independent risk factor for clinical relapse, especially in patients with
endoscopic remission (Mayo endoscopic score [MES] of 0).'**° The dextran sulfate sodium model with MUC2 deficiency,
a key component of colonic mucus, was accompanied by severe colitis,?' and the total amount of MUC2 varied with the
disease activity of UC patients. SLC26A3, an ion channel for chloride ion transport in the epithelium, was rarely discovered
as an indicator of mucus penetrability in UC patients.'® Thus, given the importance of mucus integrity in UC, we included the
mucus barrier function integrated by the GCs number, MUC2 and SLC26A3 levels in the prediction analysis.

This study aimed to establish nomograms based on mucus barrier function and other baseline factors to predict TFs

of UC.

Materials and Methods
Patients and Study Design

We selected UC patients at first visit to our center from January 2010 to June 2022. The inclusion criteria were as
follows: (i) age >18 years; (ii) established diagnosis of UC according to the European Crohn’s and Colitis Organization
(ECCO) Guidelines;** (iii) intestinal biopsy with patients’ consent. Patients without complete records of baseline
information or whose follow-up time was less than 6 months were excluded.

Clinical Follow-Up and Data Collection
Patient demographic, clinical, laboratory, and endoscopic data were collected through a comprehensive review of
electronic medical records. The following baseline characteristics were collected: age at onset and diagnosis, sex, disease
duration, UC extent according to the Montreal classification, smoking status, previous history of surgery, medication
usage including clinical trials or fecal microbiota transplantation (FMT), and endoscopic imaging.

The clinical follow-up and additional pertinent data in the medical files of patients, the Inflammatory Bowel Disease
Center register database (http://168.168.251.46:8888/zbk threexh/web/#/Home), and the endoscopy register were reas-
sessed by two experienced gastroenterologists. A pre-determined structured data-sheet was used to collect data from the

medical files at the time of each visit, including general wellbeing, symptoms each time, the indication for procedure,
type and findings of the procedure, medical therapies being used, any treatment adjustment.

According to the scoring system of the ECCO guidelines,*” the Truelove and 9-point Mayo score were applied for
clinical assessment, the Ulcerative Colitis Endoscopic Index of Severity (UCEIS) score, and Mayo endoscopic score
(MES) were used to evaluate the intestinal condition. Restricted to the underestimation of the affected intestinal segment,
modified MES (mMES) was used as a complement to the mentioned score.”> Based on the criteria from previous
studies,>**> UC relapse was defined by clinical assessment and endoscopic evaluation.

Definition and Outcome
The primary endpoint of this study was TFs and the secondary endpoint was UC-related bowel surgery. In
accordance with previous studies,'''*?®?” TFs of UC patients were defined as follows: (i) steroid-resistant or
dependent, (ii) immunomodulator-refractory, (iii) loss of response to biologics including anti-TNF-a inhibitors
(infliximab [IFX] and adalimumab) and 047 integrin antagonist (vedolizumab), (iv) patients on clinical trials or
undergone FMT due to poor response to conventional therapy, (v) UC-related bowel surgery. Steroid-resistant was
defined as sustained active disease with 0.75 mg/kg/day prednisone for over 4 weeks. Steroid-dependent was
defined as a disease relapse when prednisone was tapered to <10 mg or within 3 months of withdrawal.
Cytomegalovirus (CMV) and Epstein—Barr virus (EBV) infections were defined as follows: (i) positive histological
test with intestinal mucosal biopsy; (ii) positive serum IgM or DNA loading exceeding 500 copies/mL for CMV or 1000
copies/mL for EBV.*
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Histological Staining and Quantitative Analysis

Quantification of GCs and mucus property-related indicators MUC2 and SLC26A3 were separately conducted using Alcian
Blue/Periodic Acid—Schiff (AB/PAS) staining or immunohistochemistry (IHC) of biopsy sections according to the manu-
facturer’s protocol.'®?! The images were acquired using Leica DMi8 microscope (Germany) with the same parameters.
A blank image without tissue was taken simultaneously, which was used as a background correction. Image-Pro Plus 6.0 was
used to quantify the number of GCs and levels of MUC2 or SLC26A3. The ratio of the positive area of AB/PAS staining to
the whole-section area was regarded as GC quantification. The ratio of integrated optical density to the staining area of IHC
was calculated for the evaluation of MUC2 or SLC26A3 level, which was identified as the average optical density index.
Macro operation could be run with a large batch of images. More than three random images from each patient were assessed
by a blinded pathologist and the average result was applied as a semi-quantitative index for further analysis.

Statistical Analysis

The median and interquartile range (IQR) were used to describe continuous variables without normal distribution, while
categorical variables were presented as frequencies with percentages. Comparison of continuous variables between the
two groups was performed by #-test (with normal distribution) or Mann—Whitney U-test (without normal distribution), if
Fisher’s exact probabilities (categorical variables) were not applied. The correlation analysis was performed by Pearson
correlations with r index under normal distribution, otherwise Spearman rank correlations with rs statistic were
implemented. Multi-group comparisons were performed by Kruskal-Wallis test with quantitative variables.

Clinical and laboratory variables associated with therapeutic effect and prognosis in previous studies'*!>2%2

were
enrolled in the analysis. Continuous predictors such as normalized area of GCs, expression levels of MUC2 and
SLC26A3 were categorized into binomial classification variables. Patients who underwent surgery previously were
excluded. Univariate analysis was performed by chi-square test (logistic regression) or Log rank test (Cox regression) to
screen for possible predictive factors with p<0.05. Odds ratios (OR) or hazard ratios (HR) are presented with 95%
confidence intervals (CIs). The filtered factors further entered multivariate analysis with backward stepwise selection.
Variables with p<0.15 were integrated into nomograms. The colectomy-free survival data were generated using the
Kaplan—Meier method with a Log rank test. Receiver operating characteristic (ROC) curve analysis was applied to

calculate the cutoff value for logistic regression, while the X-tile software (Version 1.0.4, https://kinzler.com/me/xtitle/)

was used to determine the demarcation point for survival data.*®

Nomogram Construction and Model Validation
Selected predictors based on the criteria illustrated above were incorporated to construct nomograms. Owing to the varied
timeframe of follow-up and substantial recall bias when evaluating TFs, logistic regression rather than the Cox regression
model was chosen in our study. The Akaike information criterion (AIC), C index (equivalent to the area under the ROC
curve), and R* were used to estimate the discriminative power of the models. Relatively, it was regarded as a qualified
predictive model when C index was >0.75. A calibration plot was drawn using the bootstrap method (n=1000) to provide
a graphic representation of the predictive performance and actual frequencies. The colectomy-free survival curve was
demonstrated by the nomogram predictive value, and the cutoff point was determined by X-tile software (in which 90
was set as the cutoff value). The predictive ability of nomograms was demonstrated by the gap between the two
subgroups visually along with the Log rank test. Decision curve analysis (DCA) was applied to quantify different
threshold probabilities in the bootstrapped dataset.

Statistical analysis was conducted using the IBM SPSS Statistic 20 software and R software, version 3.0
(http://www.r-project.org/). All tests were two-sided, and a p value of <0.05 denoted statistical significance.

Results

Demographic and Clinical Characteristics
After reviewing the medical charts of 541 UC patients in our IBD center between 2010 and 2022, a total of 256 cases
meeting the criterion with a median follow-up of 29.0 months (IQR: 14.0-49.0 months) were incorporated into this study
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(Figure 1). The baseline characteristics were detailed in Table 1. Patient ages ranged from 18 to 75 years at diagnosis
(median: 39 years; IQR: 29-53 years); 62.5% were male. Most of the patients performed colon involved extensively
(n=139, 54.3%) according to the Montreal classification. Twenty patients received biologics previously.

The eligible patients were further stratified into two groups based on TFs occurrence: 78 cases with TFs and 178 cases
without TFs. UC without TFs tended to be younger (median: 36+21 vs 45+23 years old), current smokers (22 [12.4%] vs
5 [6.4%]), and had a relatively shorter disease duration (median: 12 vs 36 months). Considering the extent of bowel
lesions, patients with TFs had a significantly lower E1 type (5 [6.4%] vs 37 [20.8%]) and higher E3 type (88 [49.4%] vs
51 [65.4%]) than patients without TFs. Considering the biochemical index, patients with TFs had higher C-reactive
protein (CRP) levels (9.22441.81 vs 2.91+16.58 mg/L), lower hemoglobin (115+44 vs 131437 g/L), and albumin level
(34.9+10.8 vs 39.5£9.2 g/L) (all p < 0.001). The baseline activity assessment was significantly severe in patients with
TFs regarding the 9-point partial Mayo score, Truelove score, MES, UCEIS score (all p<0.001), and mMES (p=0.004).

UC patients with TFs were more frequently exposed to advanced medications including immunomodulators and
biologics (p<0.001). During follow-up, patients with TFs experienced significantly more clinical relapse (52 [66.7%] vs
78 [43.8%], p<0.001) than UC patients without TFs, while no significant difference in endoscopic relapse was observed.

To trace the origin of TFs occurrence, the entire panel was divided into various levels of clinical activity using
a baseline 9-point Mayo score (Supplementary Figure 1A). Combined with the escalation of disease activity, an

Diagnosed UC patients
in our center(n=541)
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o Age<18y
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baseline information
Enrolled ¢ Follow-up time< 6 m
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Treatment
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associated TFs (n=54)

L3»| Nomogram construction

A

Y

Model validation

Figure | Flow chart of nomogram for predicting treatment failures.
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Table | Demographic and Clinical Characteristics in This Study
Baseline Characteristics UC without TFs (n=178) | UC with TFs (n=78) p value
Sex, female 61 (34.3%) 35 (44.9%) 0.107°
Age at diagnosis (years) 3621 45+23 0.004°
Smoking status

Non-smokers 125 (70.2%) 63 (80.8%)

Ex-smokers 9 (5.1%) 10 (12.8%)

Current smokers 22 (12.4%) 5 (6.4%) 0.001*
Body mass index (kg/m?) 21.3£4.15 20.7+5.87 0.499°
Age at onset (years) 33+20.5 40+20.5 0.065°
Disease duration (months) 1242 36184 0.000°
Follow-up time (months) 26+31 40+48 0.001°
Hospitalization frequency (times) 1£1] 2.5+3 0.000°
Normalized hospitalization frequency 0.0267+0.08 0.0667+0.13 0.000°
Accumulative hospital time (days) 6+13 30.5+47 0.000°
Normalized accumulative hospital time 0.1464+0.64 0.7905+2.17 0.000°
Location

El (proctitis) 37 (20.8%) 5 (6.4%)

E2 (left-sided) 49 (27.5%) 22 (28.2%)

E3 (extensive) 88 (49.4%) 51 (65.4%) 0.014°
Backwash ileitis 16 (10.0%) 4 (6.9%) 0.483°
Appendix involvement 25 (16.2%) 4 (6.9%) 0.078°
Extraintestinal manifestations 16 (9.0%) 12 (15.4%) 0.1317
Basic laboratory values
CRP (mg/L) 291%16.58 9.22+41.81 0.001°
ESR (mm/h) 2337 31£33 0.132°
Hb (g/L) 131£37 I 1544 0.000°
Hct (%) 0.391+0.108 0.344+0.103 0.000°
Alb (g/L) 39.5+9.2 34.9+10.8 0.000°
WBC, n (¥10%) 7.4413.16 7.03+4.26 0.414°
Neu (%) 63.4 £12.5 67.1£13.9 0.012°
PLT 293139 310x156 0.444°
Ca (mmol/L) 2.23+0.22 2.14+0.27 0.000°
Fe (umol/L) 6.5%1 | 4.016 0.026°
Fecal calprotectin (ug/g) 45+132 70+345 0.47°
Ferritin (ug/L) 65.44+129 54.54+106 0.178°
LDH (U/L) 196+64 184+64 0.327°
25 (OH)VitD (ng/mL) 1612 14£10 0.163°
pANCA (positive) 46 (43.8%) 25 (46.3%) 0.765°
CMV infection 16 (15.0%) 14 (19.7%) 0.406°

Histological test 9 (20.9%) 6 (16.2%) 0.59%

Blood detection 10 (9.6%) 12 (16.9%) 0.153°
EBV infection 39 (36.8%) 32 (46.4%) 0.207°

Histological test 7 (25.9%) 5 (25.0%) 0.943°

Blood detection 35 (33.3%) 30 (43.5%) 0.176*
Baseline activity assessment
9-point spatial Mayo score

Mild 61 (35.7%) 6 (7.7%)

Moderate 73 (42.7%) 46 (59.0%)

Severe 22 (12.9%) 25 (32.1%) 0.000°

(Continued)
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Table | (Continued).

Baseline Characteristics UC without TFs (n=178) | UC with TFs (n=78) p value
Truelove score

Mild 71 (41.8%) 16 (20.5%)

Moderate 28 (16.5%) 18 (23.1%)

Severe 45 (26.5%) 42 (53.8%) 0.000*
MES score

| 26 (14.7%) 4 (5.1%)

2 71 (40.1%) 19 (24.4%)

3 76 (42.9%) 55 (70.5%) 0.000*
UCEIS score

Mild 45 (25.4%) 10 (12.8%)

Moderate 87 (49.2%) 25 (32.1%)

Severe 42 (23.7%) 43 (55.1%) 0.000*
mMES 6.0£11.0 9.0£10.0 0.004*
Previous treatment
Local therapy 136 (76.4%) 73 (93.6%) 0.001°
5-ASA (oral) 136 (76.4%) 73 (93.6%) 0.001*
Corticosteroid 86 (48.3%) 65 (83.3%) 0.000°
Immunomodulator 8 (4.5%) 24 (30.8%) 0.000°
Biologics 3 (1.7%) 17 (21.8%) 0.000*
Surgery 0 (0%) I (1.3%) 0.13*
Current treatment
Local therapy 133 (74.7%) 59 (75.6%) 0.875°
5-ASA (oral) 152 (85.4%) 6l (78.2%) 0.157¢
Corticosteroid 57 (32.0%) 58 (74.4%) 0.000°
Immunomodulator 29 (16.3%) 43 (55.1%) 0.000°
Biologics 30 (16.9%) 50 (64.1%) 0.000*
Surgery 0 (0%) 24 (30.8%) 0.000*
Progression of disease
Endoscopic relapse 18 (17.3%) Il (16.7%) 0914°
Clinical relapse 78 (43.8%) 52 (66.7%) 0.001°

Notes: “Fisher’s exact probabilities; ®Mann—Whitney U-test. p<0.05 denotes that the difference was statistically significant.
Abbreviations: Hb, hemoglobin; Hct, hematocrit; Alb, albumin; WBC, white blood cell count; Neu, neutrophil; PLT, platelet; Ca, free
calcium; Fe, free iron; LDH, lactate dehydrogenase; 25 (OH)VitD, 25 hydroxyvitamin D; MES, Mayo endoscopic subscore; mMES,
modified Mayo endoscopic score; 5-ASA (oral), 5-aminosalicylic acid.

increasing probability of both medicine associated TFs and colectomy was observed. Furthermore, the number of TFs per
person was elevated along with an increased clinical score (Supplementary Figure 1B).

Mucus Barrier Evaluation

Mucus integrity was essential for the maintenance of intestinal homeostasis. To further elucidate the role of mucus barrier
in colitis, the number of GCs, the expression levels of MUC2 and SLC26A3 were evaluated using histological analysis
(Figure 2). Moreover, the expression levels of SLC26A3 were correlated with GCs and MUC2 levels (Figure 3A).
Endoscopic bowel inflammation was inversely correlated with the expression level of GCs, MUC2, or SLC26A3,
respectively (Figure 2). A negative correlation between GCs number and SLC26A3 expression levels was found with
the 12-point Mayo score (Figure 3B), UCEIS score (Figure 3C), and Truelove score (Figure 3D). The normalized
intensity of SLC26A3 was moderately correlated with clinical activity (Figure 3E). The MUC2 expression levels
demonstrated a weak correlation with mMES instead of clinical activity (Figure 3F).
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Endoscopic
performance

GCs by
AB/PAS staining

MUC2

SLC26A3

Figure 2 Representative images of mucus barrier-related markers in patients with endoscopic remission compared to patients with active lesions.
Notes: (A) Endoscopic image of patient | at sigmoid with MES equivalent to 0, *Rectangle: histological sampling site. AB/PAS (B), MUC2 (C), and SLC26A3 (D) staining
images of sections from patient |. (E) Endoscopic performance of patient 2 at sigmoid with MES score of 3, *Rectangle: histological sampling site. AB/PAS (F), MUC2 (G),

and SLC26A3 (H) staining image of sections from patient 2.
Abbreviations: GCs, goblet cells; AB/PAS, Alcian Blue/Periodic Acid—Schiff.

Nomogram for Prediction of Medical Treatment Response

Mucus integrity-related factors, as well as demographic and clinical characteristics were selected as candidates to
construct predictive models of TFs. After the backward stepwise selection by AIC statistic, eight factors were chosen
for multivariate logistic regression analysis. Five variables including the normalized area of GCs (OR 0.534, 95% CI
0.253-1.125), age at diagnosis (OR 3.086, 95% CI 1.448-6.673), disease duration (OR 3.630, 95% CI 1.563-8.612),
hemoglobin (OR 0.490, 95% CI 0.197-1.168), and Mayo score (OR 3.469, 95% CI 1.481-8.515) were independently

associated with TFs incidence (Table 2).

Journal of Inflammation Research 2023:16 hetps: 1885

Dove:


https://www.dovepress.com
https://www.dovepress.com

Wang et al Dove

A B
. Intensity of MUC2 r=0.2140*** [ Areaof GCs @ |ntensity of SLC26A3
R * Areaof GCs r=0.3792**** * % * % x
o 097 . o 1.09  k* * %k
3 = %%
© o © _ %k %k
o < 06- 3% — Rk
®g S G 0.6-
»n 2 Qqp
T g 2 E 04
® 0.3 © 4]
£° £ 3
(@) = 0.2+
o
Z 00 T T T 1 Z 00_
0.0 0.2 . 0.4 0.6 0.8 SO0 S22 0
Normalised value of CRIIIPT IOy
SLC26A3, corrected FF & SN
’ <& 6690 <& 6060
@0 @0
C D
I Area of GCs M Intensity of SLC26A3 E Area of GCs M Intensity of SLC26A3
*ok K * %k k %k k
% 1.04 o ¥ g 1.0 % % *3:‘*
© . © 4 sk 3k 5k
T B 0.6 T B 0.6
D 5 O
2 = 0.4 2 £ 0.4+
®© 8 ' [o] 8 .
E © 02 % 0.2
z 0.0- P 0.0-
Q@ @@ O 1@ 1@ @ 2 @ 1@ 2 1@ 1@
O @ @ 0@ @ SO @ QO @
RN AN QO @ S\ @@ N o @
& &0 X &0 X & © & Q8 &2 X
P P 060 c® P
S 3 3 A\
E F
* Intensity of SLC26A3 rs=-0.4294**** * Intensity of MUC2 rs =-0.3563****
= Area of GCs rs=-0.3127**** 05 1-2_' Area of GCs rs =-0.0872
o  0.8- 2
% > gooq. -
9 = : § ° o ': cle e o
> 0 063 ¢ ¢ 1 . 3 3 ot oo 48"
28 I||';||' L S T AT I RETI
K] o044 ¢ 1 i A I I © Q N .'i::"h!' °
T 8 Pl E © osgilei ittty
€ ©o02{ | "1l S : !" .l;- R |
5 ; - | NG L B G
5 I . - T T T 1
Z ool 0 6 12 18 24 30
o 2 4 6 8 10 mMES score

9-point patial Mayo score

Figure 3 Relationship between quantification of mucus-related index by histological staining and clinical activity.

Notes: (A) Correlation between normalized value of SLC26A3 expression level with the number of GCs or MUC2 expression level. Comparison of the number of GCs and
SLC26A3 expression level in different groups stratified by 12-point Mayo score (B), UCEIS score (C), and Truelove score (D). (E) Correlation analysis between the 9-point
Mayo score and the number of GCs or SLC26A3 expression level. (F) Correlation between modified Mayo endoscopic score and GCs or MUC2 level. *p < 0.05, ¥*p < 0.01,
*¥p < 0.001, ¥¥*¥p < 0.0001.

Abbreviations: GCs, goblet cells; mMES, modified Mayo endoscopic score.
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Table 2 Logistic Regression Analysis of the Presence of Treatment Failures, Based on Baseline Variables

in Ulcerative Colitis Patients

Variable Univariate Analysis Multivariate Analysis
OR (95% CI) p value OR (95% CI) p value

Colonic mucus assessment

Area of GCs 0.469 (0.259-0.849) 0.012 0.534 (0.253—-1.125) | 0.098

Intensity of MUC2 0.444 (0.240-0.825) 0.012 0.660 (0.312—1.415) | 0.28

Intensity of SLC26A3 0.500 (0.273-0.893) 0.021 1.143 (0.510-2.592) | 0.745

Baseline characteristics

Age at diagnosis 3.186 (1.795-5.690) 0.000 3.086 (1.448-6.673) | 0.004

Disease duration 3.652 (1.924-7.018) 0.000 3.630 (1.563-8.612) | 0.003

Laboratory values

CRP 2.821 (1.595-5.107) 0.000 1.454 (0.607-3.541) | 0.402

WBC 0.534 (0.282-1.021) 0.055

Hb 0.282 (0.144-0.525) 0.000 0.490 (0.197-1.168) | 0.114

PLT 1.806 (0.991-3.270) 0.052

Fecal calprotectin 2.462 (0.708-9.01 1) 0.16

pANCA (positive) 0.913 (0.464-1.784) 0.792

Clinical activity index

Truelove score 4.785 (2.601-9.220) 0.000

UCEIS score 3.864 (2.191-6.984) 0.000

Mayo score 6.182 (3.384-11.788) | 0.000 3.469 (1.481-8.515) | 0.005

Notes: p<0.05 denotes that the difference was statistically significant.
Abbreviations: WBC, white blood cell count; Hb, hemoglobin; PLT, platelet; OR, odds ratios; Cl, confidence interval.

These explanatory factors including normalized area of GCs (<0.12 or >0.12), age at diagnosis (<50 or >50 years),

hemoglobin (Hb<132 or >132 g/L), disease duration, and Mayo score (<7 or >7) were further incorporated to construct

a nomogram (Figure 4). The total points calculated by summing up each factor were directly transferred into the predictive
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Figure 4 Nomogram for the prediction of treatment failures (TFs) incidence in ulcerative colitis.
Abbreviations: GCs, goblet cells; Hb, hemoglobin, TFs, treatment failures.
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value for the incidence of TFs. Validation was performed using bootstrap method (Figure SA). The C index of the nomogram for
discriminability evaluation was 0.822. The discrimination performance of the established model was robust when stratified either
by Mayo scores (active stage vs the remission group, Supplementary Figure 2A and B) or CRP value (set 2.38 as cutoff value)
(Supplementary Figure 2C and D) with AUC ranged from 0.798 to 0.817.
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Figure 5 Assessment of the prediction performance of nomogram for TFs.

Notes: (A) Calibration curve for comparing the consistence between predictive value with actual TFs incidence rate. (B) Decision curve analysis for TFs predictive
nomogram compared with the integrated model combining Mayo score (pink) with CRP (blue), disease duration (grey), or age at diagnosis (orange).

Abbreviations: TFs, treatment failures; AIC, Akaike information criterion; CRP, C-reactive protein.
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DCA was applied to compare the predictive value between the nomogram and integrated Mayo score models
(Figure 5B), which consisted of the Mayo score, individual clinical, and laboratory factors at baseline. The curve
demonstrated that, if the threshold probability was between 5% and 65%, the established nomogram model definitely
outperformed other models.

Except for the integral factors for predicting TFs, we also deeply detected the probable indicators for response to
biologic therapy specifically. Age at diagnosis and disease duration were enrolled, while SLC26A3 intensity positively
forecasted the effectiveness of biological agents (Supplementary Table 1).

Nomogram for Prediction of Bowel Surgery

Restricted to the sample size of patients who underwent colectomy (n=24), three factors from nine candidates were
screened based on univariate analysis. As demonstrated in Supplementary Table 2, the normalized intensity of MUC2
(HR 0.387, 95% CI 0.156-0.959), age at onset (HR 1.068, 95% CI 1.035-1.102), and Mayo score (HR 1.442, 95% CI
1.176—1.768) were independently associated with colectomy by multivariate analysis.

A nomogram was constructed using 3 independent factors: normalized intensity of MUC2 (<0.37 or >0.37), age at
onset, and Mayo score (Figure 6). The 12-month, 36-month, and 72-month colectomy incidence rates were accurately
predicted by calculating the points assigned by each factor. The established nomogram demonstrated good discriminative
ability with C index of 0.92 and R? of 0.286. The subgroups separated by a cutoff point of 90 presented significant
differences in colectomy-free survival (p<0.0001) (Figure 7). In addition, the predictive performance of the nomogram
was further validated by bootstrapping and the 12-, 36-, and 72-month colectomy incidence probabilities were calibrated
by plot performance (Supplementary Figure 3A-C).

Discussion

In this retrospective study, we found mucus-related index evident by the GCs number and expression levels of MUC2 or

SLC26A3 showed a negative correlation with clinical scores in UC. Thus, the quantification of mucus-related markers

was used to construct a predictive model along with baseline clinical factors. To our knowledge, this is the first study to

establish nomogram models that incorporate the mucus barrier index for TFs with high discrimination and calibration.
Generally, in our cohort, approximately 30% of UC patients experienced TFs during the disease course, among which

the incidence of TFs and colectomy was 28.9% and 9.4%, respectively. According to a population-based cohort of 1161

0 10 20 30 40 50 60 70 80 90 100
POIntS L " " L 1 " i " 1 " i n 1 L n " 1 i " " 1 " " L 1 " " " 1 " L " 1 " " " 1 " . n ]
Mayo score T T T T . . T T T T T T .

0 1 2 3 4 5 6 7 8 9 10 11 12

<0.37

Intensity of MUC2 —

>0.37
Age at onset(years) T . T T T T T T 1

10 20 30 40 50 60 70 80 90
Total Points . T T T . T T . . . 1

0 20 40 60 80 100 120 140 160 180 200

12-Month colectomy incidence rate . T ] .
0.1 03 0.6 0.8 0.9

36—Month colectomy incidence rate T T T T 1
0.1 03 0.6 08 0.9

72-Month colectomy incidence rate " T T T )
01 03 06 08 09

Figure 6 Nomogram for the prediction of surgery-associated treatment failures (colectomy) incidence based on Cox regression in ulcerative colitis.
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patients, the cumulative probability of colectomy is 22-40% from 10 to 50 years,® which is much lower in our study.
Faubion et al’' demonstrated that the probability of steroid-resistant and dependent in 1 year was 29% and 22%,
respectively, while it was elevated to 15% and 64% in our study. The discrepancy in the rates of TFs and colectomy
between previous studies and our cohort may partly be explained by the fact that patients in Eastern countries tend to
suffer a relatively mild disease course compared to their counterparts in the West.>*

In order to better predict, the clinical outcomes of UC, Dalal et al'* enrolled albumin, 9-point Mayo score, MES score
and corticosteroid usage into predictive models of colectomy with an area under curve (AUC) of 0.92 (95% CI, 0.89—
0.95). The predictive value was similar to our colectomy prediction model; however, this study did not take into account
the incidence time of surgery. The baseline Mayo score (>9) was strongly associated (OR 1.44, 95% CI 1.16-1.78) with
poor outcome in patients treated with steroids.>> A recent observational study in pediatric UC patients have identified the
pediatric UC Activity Index (PUCAI) and M2-PK level with good predictive validity for predicting steroid failure.**
PUCALI was also negatively associated with sustained steroid or colectomy-free remission in another cohort (AUC 0.7,
95% CI 0.6-0.8).>> Anti-PARG and anti-PRR13 antibody titers are thought to be novel indicators for detecting refractory
UC in patients with remission.>® With the surge in new biologics, a lot of work has been performed to identify possible
predictors for biologics in refractory UC in recent years. A panel identified patients on IFX at risk for relapse or
colectomy based on the clinical factors including pANCA, CRP, albumin levels, clinical response, and mucosal healing
(both p< 0.001).*” Another prospective pilot study focused on IFX treatment found that in severe UC, future remission
and colectomy can also be precisely predicted by IFX dose, early assessment of IFX concentration, calprotectin, and PM
scores.”® In our study, the mucus related indices which were initially incorporated into biological research performed well
while we did not include therapeutic drug monitoring factors. Moreover, no predictive model was constructed in the
above-mentioned studies, and no qualified estimation of its predictive performance was provided, both of which made the
comparison of these models with ours difficult.

Given the essential role of colonic mucus, mucus dysfunction has been vigorously investigated in the etiology and
progression of UC.'®?! Disequilibrium of the mucus barrier with GC or mucus depletion facilitates bacteria invasion

and migration'® and triggers the intestinal barrier destruction in colitis model.***° Alexander et al figured out that
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colonic inflammation is always accompanied by mucus dysfunction in UC patients.*! A recent research has also
proposed that chronic inflammation leads to the abnormal mucus secretion with sustainable dysfunction of GCs* and
glycan pattern alternation is related to severe disease course.*’ Basal plasmacytosis, as a feature of chronic inflamma-
tion, was an independent risk indicator (HR 4.5, 95% CI 1.7-11.9) of earlier relapse.>*** Besides, in a retrospective
cohort study, GC quantification can predict clinical relapse among UC patients in remission with an AUC of 0.81.%
Patients with histological healing based on GC assessment tend to maintain remission on IFX treatment during 42-
month follow-up (HR 4.29, 95% CI 1.030-17.891).*® Furthermore, higher rates of histologic remission based on
Geboes (29.2% vs 8.3%) or Robarts histopathology index (37.6% vs 19.9%) scoring systems have been observed in
UC patients with vedolizumab treatment at week 52.*7 In summary, recent studies have shown that the integrated
mucus evaluation including GC calculation can serves as an efficient predictive tool in the clinical course of UC.

Due to the absence of circulating indices for mucus property, histological evaluation was the limited choice, which
was seldom applied in clinical use. In this study, we explored the mucus-related markers as potential candidates for use in
predictive models. The mucus barrier function evident by MUC2 and SLC26A3 expression levels as well as GCs number
was evaluated at baseline. Both endoscopic lesions and clinical activity were inversely correlated with the expression of
GCs, MUC2, or SLC26A3, respectively (Figures 2 and 3). These mucus-related markers especially the first two were
confirmed as independent predictors of TFs by multivariate analysis. Eventually, the normalized area of GCs and
expression levels of MUC2 were separately included in the final nomograms for TF and colectomy predictions. Both
models performed well with C index values of 0.822 and 0.920, respectively. The calibration demonstrated high
consistency between the predicted and actual values.

The major limitation of our study is its retrospective, single-center design with an inherent risk of bias. To mitigate
recall risks, objective outcomes such as treatment adjustment and surgery were applied. Moreover, the majority of the
included patients were follow-up regularly using a prospectively maintained database. Another limitation is the lack of an
external validation group. Restricted to the sample capacity, it could be validated by resampling internally. It would be
more convincing that UC patients from multiple centers to validate the preliminary model. Last but not least, variability
was observed in the timeframe of follow-up when evaluating TFs, which is explained by the “real-life” nature of the
study. Hence, the logistic regression models were chosen for TFs.

Conclusions

The nomograms based on comprehensive baseline factors incorporating mucus barrier markers were developed to predict
TFs in UC patients with great discriminative power, which may serve as a practical tool to identify high-risk subgroups
for management optimization.
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