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ABSTRACT
Objective Anti- drug antibodies (ADA) to anti- tumour 
necrosis factor (anti- TNF) therapy drive treatment loss 
of response. An association between intestinal microbial 
composition and response to anti- TNF therapy was 
noted. We therefore aimed to assess the implications of 
antibiotic treatments on ADA formation in patients with 
inflammatory bowel disease (IBD).
Design We analysed data from the epi- IIRN 
(epidemiology group of the Israeli IBD research nucleus), 
a nationwide registry of all patients with IBD in Israel. 
We included all patients treated with anti- TNF who had 
available ADA levels. Survival analysis with drug use as 
time varying covariates were used to assess the association 
between antibiotic use and ADA development. Next, 
specific pathogen and germ- free C57BL mice were treated 
with respective antibiotics and challenged with infliximab. 
ADA were assessed after 14 days.
Results Among 1946 eligible patients, with a median 
follow- up of 651 days from initiation of therapy, 363 had 
positive ADA. Cox proportional hazard model demonstrated 
an increased risk of ADA development in patients who 
used cephalosporins (HR=1.97, 95% CI 1.58 to 2.44), 
or penicillins with β-lactamase inhibitors (penicillin- BLI, 
HR=1.4, 95% CI 1.13 to 1.74), whereas a reduced risk 
was noted in patients treated with macrolides (HR=0.38, 
95% CI 0.16 to 0.86) or fluoroquinolones (HR=0.20, 
95% CI 0.12 to 0.35). In mice exposed to infliximab, 
significantly increased ADA production was observed in 
cephalosporin as compared with macrolide pretreated mice. 
Germ- free mice produced no ADA.
Conclusion ADA production is associated with the 
microbial composition. The risk of ADA development 
during anti- TNF therapy can possibly be reduced by 
avoidance of cephalosporins and penicillin- BLIs, or by 
treatment with fluoroquinolones or macrolides.

INTRODUCTION
Anti- tumour necrosis factor (anti- TNF) monoclonal 
antibodies are an effective and well- established 
treatment for induction and maintenance of 

remission in Crohn’s disease and ulcerative 
colitis.1–5 However, primary non- response to 
anti- TNF therapy is seen in ~40% of patients with 
even higher rates of failure to achieve complete 

Significance of this study

What is already known on this subject?
 ► Immunogenicity to anti- tumour necrosis 
factor (anti- TNF) therapy in patients with 
inflammatory bowel disease (IBD) is considered 
a leading cause of treatment loss of response.

 ► The association between intestinal microbial 
composition and response to anti- TNF therapy 
is becoming increasingly acknowledged. 
However, no studies assessed the distinct effect 
of various antibiotic classes on immunogenicity 
and response to anti- TNF therapy.

What are the new findings?
 ► The intestinal microbiome plays a key role in 
anti- drug antibodies (ADA) production.

 ► The risk for ADA development was increased 
in patients exposed to cephalosporins or 
penicillin with β-lactamase inhibitors, before 
or during anti- TNF therapy, while the use of 
fluoroquinolones or macrolides was associated 
with a reduced risk of immunogenicity.

 ► In agreement with the human patient data, 
mice challenged with infliximab and pretreated 
with cefuroxime demonstrated overall 
higher ADA levels, while azithromycin, or no 
antibiotics showed lower ADA levels.

How might it impact on clinical practice in the 
foreseeable future?

 ► Specific antibiotic classes such as 
fluoroquinolones, or macrolides can potentially 
be used to reduce the risk of immunogenicity.

 ► Thoughtful selection of antimicrobial therapy is 
required in patients with IBD treated with anti- 
TNF therapy.
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remission.6 7 Additionally, the rate of secondary loss of response 
(LOR) after 12 months of therapy ranges between 23% and 46% 
for infliximab and adalimumab, with an annual risk of 13% loss 
of response to infliximab per patient year.8 9 Immunogenicity, 
which refers to the development of anti- drug antibodies (ADA) 
is considered as the main factor driving secondary LOR and is 
likely involved in primary non- response as well.10 11

 

ADA development is associated with reduction in serum 
drug levels, reduced treatment efficacy and treatment failure.12 
Numerous risk factors for ADA development were recognised, 
including genetic predisposition,13 drug storage and administra-
tion and formation of drug/target complexes.12 14 15 Yet, there is 
limited understanding of how to predict and mitigate the risk for 
ADA formation.

Concomitant treatment of an anti- TNF with thiopurines or 
methotrexate was shown to reduce the development of ADAs, 
even when added after anti- TNF treatment initiation, or when 
combined with a second anti- TNF after loss of response to a 
previous agent,12 16–20 and was suggested as the major protective 
factor against immunogenicity.21 However, anti- TNF and immu-
nomodulators combination treatment is associated with signifi-
cant risks including malignancy and opportunistic infections.22–24

It is currently widely accepted that microbial dysbiosis plays 
an important role in the pathogenesis of inflammatory bowel 
disease (IBD).25 Moreover, a growing body of evidence demon-
strated an association between the intestinal microbial compo-
sition and response to anti- TNF therapy.26–29 Of relevance, a 
recent study demonstrated a functional linkage between anti-
biotic treatment, the microbial and metabolic milieu and their 
interaction with the immune system as factors driving immune 
response towards influenza in a specific immunisation setting.30 
This suggests that also in the context of anti- TNF therapy, the 
intestinal bacterial composition can potentially be manipulated 
by antibiotics, or faecal transplantation to produce favourable 
outcomes with respect to immunogenicity and prevention of 
LOR. Here, we aimed to assess the possible implications of 
antibiotic treatment on immunogenicity to anti- TNF agents in 
patients with IBD.

METHODS
Cohort analysis
Settings, study population and data
We used data from the epidemiology group of the Israeli IBD 
research nucleus (epi- IIRN), a validated registry that records 
all patients with IBD in Israel since 2000–2002. We included 
data from three of the four health maintenance organisations 
(HMO), covering 89% of the Israeli population. Patient identi-
fication, database curation, available data and data identification 
and extraction were previously described.31 The patient identi-
fication algorithm uses a combination of IBD- related Interna-
tional Classification of Diseases diagnoses codes separately or 
combined with purchases of IBD- related medications (at least 
three purchases or at least a 3- month interval from first to last 
purchase). The algorithm accurately identified and classified 
patients with IBD from the HMO electronic medical records 
(sensitivity 89%, specificity 99%, positive predictive value (PPV) 
92%, negative predictive value (NPV) 99% for IBD diagnosis 
and, sensitivity 92%, specificity 97%, PPV 97%, NPV 92% for 
IBD classification).31 The follow- up period was between 2005, 
which was the previously validated cut- off year for incidence 
determination,31 up to 1 January 2019, death or immigration.

We included all patients with IBD who were treated with 
either infliximab and/or adalimumab who had available ADA 
levels during the treatment period. In patients who were treated 
with both infliximab and adalimumab, the first anti- TNF treat-
ment with available ADA levels was selected. Follow- up period 
started 3 years prior to the first anti- TNF dispensation, up to 
positive ADA level measurement, or last negative ADA level 
measurement available.

We analysed demographic details, IBD type and disease 
duration, laboratory results, previous IBD- related surgeries, 
hospitalisations with IBD- related diagnoses and additional IBD 
treatments including 5- aminosalicylic acid (5- ASA) agents, corti-
costeroids and immunomodulators (table 1). We defined medi-
cation use as number and dates of dispensations extracted from 
HMO databases. Medication data were perceived accurate since 
medications in Israel are provided almost for free via the HMOs.

Exposure and outcome
The six most frequently prescribed antibiotic groups were 
selected for analysis (online supplemental table 1). Drug dispen-
sations during the pre- defined time periods before first anti- TNF 

Table 1 Comparison of baseline variables between patients with or 
without registered dispensations of antibiotics in the year prior to anti- 
TNF initiation

Variable
Total 
(n=1946)

With prior 
antibiotics 
(n=1593)

No prior 
antibiotics 
(n=353) P value

Age, years 29 (24) 29 (24) 27 (23) 0.59

Male, n (%) 1035 (53) 826 (52) 211 (60) 0.01

BMI*, kg/m² 22 (6.2) 22 (6) 22 (6) 0.53

Adalimumab, n (%) 1065 (55) 868 (54) 197 (56) 0.7

Prior anti- TNF, 
n (%)

567 (29) 493 (31) 74 (21) <0.001

Crohn’s, n (%) 1595 (82) 1307 (82) 288 (82) 0.9

Prior related 
surgery

526 (27) 437 (27) 89 (25) 0.43

Recent prior 
hospitalisations

886 (46) 558 (46) 328 (45) 0.06

Laboratory results, median (IQR)

  Haemoglobin*, 
g/dL

12.8 (2.2) 12.7 (2.2) 13 (2.2) 0.07

  WBC*,×109/L 7.3 (3.1) 7.3 (3.1) 7 (3.1) 0.08

  Platelets*, 
×109/L

284 (119) 285 (121) 282 (105) 0.3

  CRP*, mg/dL 0.9 (2) 0.9 (2.1) 0.8 (1.7) 0.14

  Albumin*, g/dL 4.1 (0.6) 4.1 (0.5) 4.1 (0.5) 0.13

Prior/concomitant medications, n (%)

  Corticosteroids 236 (12) 197 (12) 39 (11) 0.55

  Thiopurines 856 (44) 713 (45) 134 (41) 0.16

  Methotrexate 133 (7) 116 (7) 17 (5) 0.12

  5- ASA 572 (29) 481 (30) 91 (26) 0.11

Time (days) to antibody monitoring

  Time to first 
measure, days

675 (1136) 611 (1249) 406 (923) <0.001

  Time to end of 
follow- up, days

651 (1175) 703 (1227) 475 (929) <0.001

*Data for these variables were not available for all included patients. Availability 
of each variable was as follows: BMI, 93%; haemoglobin, 98.9%; WBC, 98.9%; 
platelets, 98.9%; CRP, 80.3%; albumin, 94.3%.
anti- TNF, anti- tumour necrosis factor ; 5- ASA, 5- aminosalicylic acid; BMI, body mass 
index; CRP, C reactive protein; ; WBC, white blood cells.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2021-325185 on 3 A

ugust 2021. D
ow

nloaded from
 

https://dx.doi.org/10.1136/gutjnl-2021-325185
http://gut.bmj.com/


289Gorelik Y, et al. Gut 2022;71:287–295. doi:10.1136/gutjnl-2021-325185

Inflammatory bowel disease

dispensation and up to the last measurement of ADA levels 
during therapy were summarised. For the survival analysis, at 
each time point during follow- up medication exposure was 
assessed for the 3 years prior to the time point.

The primary outcome was defined as positive serum ADA 
during the treatment period. Notably, ADA level measurements 
were performed by several methods, varying with medical 
insurer, laboratory and time period and were extracted as 
numeric values. Depending on reference values for each test, 
numeric values were therefore translated to either ‘low’ or ‘high’ 
with the latter considered as ADA positive in outcome analysis. 
The study design is graphically demonstrated in online supple-
mental figure 1.

Animal studies
To evaluate the causative effect of antibiotic treatment and the 
associated gut microbiome dysbiosis on ADA formation, mice 
were treated with antibiotics and challenged with infliximab. 
Mice raised in a specific pathogen- free environment (C57BL/6J, 
female, age 7–8 weeks) were divided into three groups with 
25 mice in each group. Two groups received antibiotics—cefu-
roxime (GSK, Barnard Castle, UK) 0.176 mg/g body weight, or 
azithromycin (Pfizer, Foster City, USA) 0.088 mg/g body weight 
in the drinking water, and the third was untreated and served 
as control. Antibiotic dosages were calculated based on human 
treatment recommendations adjusted to mouse body weight. A 
parallel control group consisted of C57BL germ- free (GF) mice 
(n=5). Mice exclusion criteria were, loss of more than 20% of 
body weight, or improper infliximab administration, verified by 
serum drug level determination. Five mice were excluded from 
the cefuroxime treated group and four from the azithromycin 
treated group.

Mice were subjected to 2 weeks of antibiotic treatment via 
the drinking water. Thereafter, all mice were challenged with 
subcutaneous infliximab at 30.75 µg/g body weight equivalent to 
2.5 mg/kg in humans after conversion according to the Food and 
Drug Administration recommendations,32 based on previously 
studied dosages, which demonstrated a measurable and scal-
able mouse antibody response.15 Mice were exposed to inflix-
imab by subcutaneous injection after demonstrating a similar, 
yet more homogeneous response, as compared with intraperi-
toneal exposure (data not shown). Following 2 weeks, serum 
samples were collected and ADA levels were determined using a 
mouse adapted anti- lambda chain ELISA.33 All animal trials were 
conducted at the Pre- Clinical Research Authority at the Ruth 
and Bruce Rappaport Faculty of Medicine, Technion—Israel 
Institute of Technology. Mice were housed in ventilated cages 
containing five mice each (20°C–23°C, 12 light- hours a day) and 
fed autoclaved food and sterilised acidic water (pH=3.2±0.2) 
ad libitum. Mice were given at least 1 week of acclimatisation 
prior to the experiments. Animal studies were approved by the 
Technion—Israel Institute of Technology and the Israeli Ministry 
of Health (Pre- clinical research approval IL- 077- 06- 2020).

Statistical analysis
Analyses were performed using R V.4.0.0 (R foundation for 
statistical computing). Crude comparison of baseline variables 
between patients with prior dispensation of any antibiotic in 
the 3 years prior to anti- TNF initiation and no antibiotic use 
was performed using Mann- Whitney U test for continuous and 
ordinal variables, and χ2 test for categorical variables. Medians 
and IQRs were presented for continuous variables and numbers 
with percentages for categorical variables. Only variables that 

were available for at least 75% of patients and were positive 
in at least 5% of the patient population, respectively, were 
included for analysis. Among the variables that were included 
for multivariable analysis (as listed in online supplemental table 
1) only serum C reactive protein (CRP) and albumin were not 
fully available for all patients, in 19.6% and 5.7% of records, 
respectively. To avoid loss of data, we imputed these records 
using median values.

We performed univariate survival analysis using the Kaplan- 
Meier method and tested the association between the use of each 
antibiotic class during the 3 years prior to investigated anti- TNF 
initiation and ADA formation using a log- rank statistic. We 
defined the analysis origin as the time of initiation of anti- TNF 
and end of follow- up was defined as either first date with posi-
tive ADAs or last available negative ADAs measurement. Using 
the same time origins and endpoints, we performed a multivari-
able Cox proportional hazards model with a time varying defini-
tion for concomitant antibiotic use of each class. Based on prior 
knowledge and availability of data, we included all available 
covariates with clinical significance for ADA formation (online 
supplemental table 1).10 12 14 21 Similar to antibiotic use, concom-
itant immunomodulatory and corticosteroid use and IBD- related 
hospitalisations were incorporated as time varying covariates. 
We calculated Schoenfeld residuals to confirm the proportion-
ality assumption.

To study whether a dose- response relationship exists between 
antibiotic use and ADA development, we performed a similar 
multivariable Cox proportional hazards model with antibiotic 
classes incorporated as continuous variables defined as total 
number of drug dispensations for the specified time period. We 
then plotted the regression coefficient estimates for each of the 
antibiotic classes that were significantly associated with ADA 
development as dichotomous variables as a function of number 
of registered drug dispensations. We used generalised additive 
models with cubic splines to model the non- linear time- varying 
effect of dispensations of each antibiotic class on ADA formation 
risk.

To evaluate possible synergistic or antagonising effects of anti-
biotic combinations, we first selected the antibiotic classes for 
which a substantial and significant association was observed to 
ADA development. For each pair from the selected combination, 
we evaluated Kaplan- Meier estimates and plots tested by a log- 
rank statistic for the association between the use of either of the 
antibiotics from the pair, both or none within the 3 years before 
anti- TNF initiation with ADA development. We also performed 
a multivariable Cox proportional hazards model with antibiotic 
classes as described previously with the addition of interaction 
terms of all possible pairs of the selected antibiotics.

A sensitivity analyses with a 1- year time frame considered for 
each antibiotic class was performed as well. To assess whether 
imputation affected the result, we performed a Cox proportional 
hazards model, with a 3- year time frame, but without CRP and 
albumin, and an additional analysis that only included patients 
who had complete data available for all covariates.

A concern for selection bias arose due to the exclusion of 
patients without available ADA levels. We assessed the extent 
of this possible bias by a comparison of patients included in our 
analysis with excluded patients. For the comparison, in the latter 
group we included only patients that received anti- TNF for at 
least 14 weeks to avoid analysis of primary non- responders. 
Additionally, since the two groups substantially varied in the year 
of initiation of anti- TNF therapy, which is reflected in treatment 
and management protocols, including considerations of thera-
peutic drug monitoring, we performed frequency matching for 
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treatment year with a ratio of 1:2. Thus, for each distinct year of 
treatment initiation in which n patients had available ADA levels, 
a random sample of 2n patients with the same year of treatment 
initiation was added to the excluded group for comparison.

In the animal studies, ADA measurements below detection 
level were substituted for values of one over the square root of 
two times the detection limit (measurements under 937.5 ng/
mL, the detection limit, were substituted with 663 ng/mL). The 
validity of the substitution was assessed using rules suggested by 
Helsel.34 Differences in ADA levels between mouse groups were 
compared using Kruskal- Wallis and Dunn’s test. The p value 
of the post hoc analysis was adjusted for multiple comparisons 
using the Benjamini- Hochberg method.

RESULTS
Of the 46 303 patients with IBD recorded in the epi- IIRN 
registry, 1946 were ever treated with infliximab or adalimumab 
and had available ADA levels during the treatment (54.7% adali-
mumab and 45.3% infliximab). Overall, positive ADAs were 
measured in 363 patients (18.6%). Median follow- up time from 
anti- TNF treatment was 651 (IQR 1175) days.

Most baseline factors including age, gender, body mass 
index, IBD subclass, surgery registries or hospitalisations prior 

to anti- TNF initiation, type of anti- TNF analysed, concomitant 
use of immunomodulators and various laboratory values were 
comparable between patients with or without antibiotic use in 
the 3 years prior to anti- TNF initiation (table 1). Most antibiotic 
prescriptions were for approximately 1 week. Notably, patients 
who had registered dispensations of antibiotics prior to anti- TNF 
initiation had longer intervals to their first and last antibody 
measurements. This variation was consistent across all antibi-
otic classes and could be explained by a higher probability of 
any intervention with longer follow- up periods (online supple-
mental table 2). Past anti- TNF therapy with a different agent was 
more prevalent in patients with antibiotic dispensations prior to 
anti- TNF initiation although drug monitoring results were not 
available for these patients during that time period (table 1).

An increased hazard of ADA development was noted in 
patients who used cephalosporins or penicillins with β-lactamase 
inhibitors (penicillin- BLI) and reduced risk of ADA formation 
with use of fluoroquinolones, metronidazole and macrolides, 
with early risk divergence for most classes (all p<0.05 vs non- 
treated group, by log- rank test) (figure 1). Multivariable Cox 
proportional hazards model adjusted for time- fixed and time 
varying factors demonstrated that commonly prescribed antibi-
otic classes are significantly and differentially associated with the 

Figure 1 Kaplan- Meier curves of cumulative risk of ADA development for prior use of different antibiotic classes. Tick marks represent censoring 
and shaded area represent 95% CI. Plot is limited to first 2000 days of follow- up. A p value for the log- rank test is presented in each plot. ADA, anti- 
drug antibodies; BLI, β-lactamase inhibitors.
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risk of ADA formation which were overall in agreement with 
the univariate analysis results (table 2 for primary and secondary 
variable effects and, online supplemental table 1 for assessment 
of the Schoenfeld residuals, figure 2 for primary exposure vari-
ables). Cephalosporin, or penicillin- BLI use before or during 
anti- TNF treatment was associated with ADA formation (HR 
1.96; 95% CI 1.58 to 2.43 and HR 1.38; 95% CI 1.11 to 1.71, 
respectively). In contrast, fluoroquinolone or macrolide use 
reduced the risk of ADA formation (HR 0.20; 95% CI 0.11 to 
0.33 and HR 0.38; 95% CI 0.17 to 0.86, respectively).

A similar analysis with antibiotic use incorporated as contin-
uous time dependent variables defined as total dispensations 
demonstrated a similar trend whereby total macrolide use 
seemed to reduce risk, but this analysis did not reach statistical 

significance (HR 0.63; 95% CI 0.38 to 1.06 for each additional 
dispensation) (table 2). When modelling the effect of number of 
dispensations for each class, we observed a positive increasing 
association between increasing number of dispensations of ceph-
alosporins and penicillin- BLIs and ADA development risk and an 
inverse association mostly with increasing number of dispensa-
tions of fluoroquinolones (figure 3).

Patients who used both cephalosporins and penicillin- BLIs 
had higher rates of ADA development compared with patients 
who used either alone (figure 4). Although a very small group of 
patients used both fluoroquinolones and macrolides, none devel-
oped ADA during their follow- up period (figure 4). Patients who 
were treated with both pro and anti- immunogenic, demonstrated 
a mixed effect with immunogenicity rates similar to controls. 
In a multivariable analysis with multiple interaction terms only 
the interaction between cephalosporins and penicillin- BLIs were 
significant with an HR of 1.56 (95% CI 1.01 to 2.42) suggesting 
some synergistic effect of these classes on immunogenicity 
(online supplemental table 3).

Multivariable analysis with alternate definitions of antibiotic 
use revealed qualitatively similar results (online supplemental 
table 4). The most noteworthy difference was loss of significance 
of the effect of macrolide use on ADA formation, probably due 
to the smaller sample size in this analysis. Similar effect sizes 
were revealed by additional analyses that assessed the possible 
influence of data imputation (online supplemental table 5).

A comparison between patients included in the analysis, and 
a frequency matched group on year of treatment initiation of 
patients without available ADA levels in the epi- IIRN database, 
revealed differences, mainly in adalimumab and thiopurine use 
(online supplemental table 6).

Mouse model study
To test whether the human observations were merely associated 
with ADA production, or whether antibiotics were causative and 
whether the effect was driven by antibiotic- induced dysbiosis or 
chemical effect by the drug, we exposed antibiotic- treated and 
GF mice to infliximab. ADA levels were determined in 71 mice 
2 weeks following infliximab injection. Mouse groups consisted 
of 25 controls with no pretreatment, 21 mice pretreated with 
azithromycin, 20 mice pretreated with cefuroxime and 5 GF 
mice. Significant differences in ADA levels were observed 
between groups (p<0.001 by Kruskal- Wallis) (figure 5). Consis-
tent with the human observations, a trend for higher ADA levels 
in cefuroxime pretreated mice and lower ADA in azithromycin 
pretreated mice as compared with the control group, and signif-
icant differences in median ADA levels between cefuroxime 
and azithromycin pretreated mice were noted (13 732 ng/mL vs 
6948 ng/mL, respectively, adjusted p=0.04; figure 5, and online 
supplemental table 7), suggesting a direct causative effect of 
the antibiotics in agreement with the human effects. GF mice 
produced no detectable antibodies, indicating the importance 
of the intestinal flora for antibody production and suggesting 
that the observed antibiotic effects were at least in part mediated 
through their effects on the intestinal flora (figure 5 and online 
supplemental table 7).

DISCUSSION
Here we report an effect of antibiotic therapy on the risk of 
anti- TNF ADA formation in patients with IBD, during, or prior 
treatment. An increased risk was noted in patients treated with 
cephalosporins or penicillin- BLIs. In contrast, fluoroquinolone 
or macrolide use was associated with reduced immunogenicity in 

Table 2 Multivariable adjusted HRs for ADA development during 
anti- TNF therapy

Variable aHR (95% CI)

  Categorical Continuous

Antibiotics (primary exposure variables)

  Cephalosporins 1.97 (1.58 to 2.44) 1.23 (1.17 to 1.28)

  Penicillin- BLIs 1.40 (1.13 to 1.74) 1.11 (1.05 to 1.17)

  Metronidazole 0.88 (0.70 to 1.10) 0.99 (0.96 to 1.04)

  Penicillins 0.79 (0.64 to 0.98) 0.90 (0.83 to 0.97)

  Macrolides 0.36 (0.16 to 0.82) 0.62 (0.37 to 1.03)

  Fluoroquinolones 0.20 (0.12 to 0.35) 0.50 (0.39 to 0.65)

Secondary effects (confounders)

  Adalimumab vs infliximab 0.53 (0.43 to 0.66) 0.53 (0.43 to 0.66)

  Crohn’s vs UC 0.67 (0.52 to 0.87) 0.64 (0.49 to 0.83)

  Previous anti- TNF (yes vs no) 1.52 (1.23 to 1.88) 1.55 (1.25 to 1.90)

  Hospitalisations (yes vs no) 0.89 (0.79 to 1.00) 1.01 (0.97 to 1.05)

  Surgeries (yes vs no) 1.18 (0.90 to 1.54) 1.03 (0.80 to 1.32)

  Albumin (per increase of 1 g/dL) 0.94 (0.74 to 1.19) 1.01 (0.79 to 1.27)

  CRP (per increase of 1 mg/dL) 1.03 (1.02 to 1.04) 1.04 (1.03 to 1.04)

  Corticosteroids (yes vs no) 1.16 (0.90 to 1.49) 1.10 (0.85 to 1.41)

  Methotrexate (yes vs no) 0.86 (0.54 to 1.23) 0.78 (0.54 to 1.14)

  Thiopurines (yes vs no) 0.67 (0.54 to 0.83) 0.65 (0.52 to 0.80)

Data are shown for Cox proportional hazards models. Rows represent the 
covariates incorporated in the model and ordered as primary exposures of interest 
or secondary effects. Antibiotic classes were incorporated as time dependent 
covariates as either categorical variables defined as any use of specific class during 
the time period (3 years) in one model or as continuous variables defined as total 
sum of dispensations of antibiotics from this class during the same period in the 
second model.
ADA, anti- drug antibodies; aHR, adjusted HR; anti- TNF, anti- tumour necrosis factor ; 
BLI, beta lactamase inhibitors; CRP, C reactive protein; UC, ulcerative colitis.

Figure 2 Multivariable- adjusted HRs (represented by blue points) for 
anti- drug antibodies development for use of various antibiotic classes 
during anti- tumour necrosis factor therapy. HRs are presented on a log10 
scale. Black lines represent 95% CIs. BLI, β-lactamase inhibitors.
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a dose- dependent manner further supporting the validity of the 
associations. Moreover, drug combination analysis pointed to a 
possible synergism for immunogenicity risk with both cephalo-
sporins and penicillin- BLIs. Mouse experiments supported the 
human population- based analysis and suggested that the effect is 
causal and mediated by the microbiome.

This is the first large scale study that extensively evaluated 
the effect of different antibiotic classes on immunogenicity of 
anti- TNF therapy. In support of the findings, the association 
of antibiotics with immunogenicity was recently suggested in 
a study performed by the European consortium ABIRISK. The 
study showed that antibiotic use during therapy reduced the risk 
of ADA formation after multivariable adjustment.35 However, 
in the ABIRISK study, antibiotic groups were not differentiated 
and substantial heterogeneity of patients and types of treatments 
limited the interpretation of the finding.

Although the nature of infliximab immunogenicity in mice 
and humans may differ, the parallel antibiotic effect suggests 
similar immune mechanisms. Combined with the long- term 
effect of therapy, where patients were exposed to antibiotics 
long before anti- TNF treatment and the mixed effects of sequen-
tial treatments, the most likely explanation for the results would 
be an effect of treatment on the microbiome. Furthermore, in 
agreement with the results in our murine model, Ruiz et al36, 

demonstrated that macrolide treatment in GF mice did not alter 
the effect of the GF status itself as assessed by ileal gene expres-
sion suggesting the effect was mediated through the microbiome.

The association we observed between the immunogenicity 
enhancing effect of cephalosporins and penicillin- BLIs, with 
possible synergism between classes, can also be explained by 
specific alterations of the microbiome. Previous studies evalu-
ated the role of the microbiome as a biomarker for prediction 
of response to anti- TNF therapy.29 Several, which profiled the 
microbiota of patients with IBD prior to and during anti- TNF 
treatment observed a higher baseline abundance of the Clos-
tridiales order in anti- TNF responders.27 37 38 A large system-
atic review that summarised the effect of multiple antimicrobial 
agents on the composition of the intestinal microbiota concluded 
that cephalosporins and penicillin- BLIs mostly caused a decrease 
in abundance of Clostridium species,39 which might suggest 
that the effect of cephalosporins and penicillin- BLIs seen in our 
analysis could be explained by the specific dysbiosis caused by 
these agents supporting ADA formation and its ramifications on 
response to anti- TNF therapy.

The association we found between macrolides and reduced 
immunogenicity concurs with the reduction in inflammatory 
activity seen with macrolide therapy.40 The use of a synthetic 
non- antibiotic macrolide has been shown to reduce intestinal 

Figure 3 Estimated adjusted regression coefficients for a range of number of dispensations for cephalosporins (A); penicillin- BLIs (B); macrolides 
(C); and fluoroquinolones (D). Shaded areas represent 95% CIs. BLIs, β-lactamase inhibitors.
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inflammatory activity in mice with induced colitis.41 Addition-
ally, pretreatment with azithromycin resulted in reduced anti-
bodies to pneumococcal vaccine in mice.42 Anti- inflammatory 
properties of fluoroquinolones with suppression of TNFα levels 
were also demonstrated.43

An additional observation was the long- term effect of anti-
biotic treatment extending up to 3 years post treatment. In 
support of such possibility, a previous study performed in mice 
demonstrated a prolonged effect of macrolides in pups which 
received the treatment through their nursing dams.36 In that 
study, a single treatment course induced prolonged disruption of 

microbial network and ileal immune milieu and was associated 
with reduced secretory IgA production.

Our results also suggest the reversibility of the antibiotic effect. 
Patients treated with both ADA stimulating and ADA suppressing 
antibiotics responded similarly to controls. This observation may 
conceivably result from effects of treatment on bacterial metab-
olism, or balance between bacterial populations enhancing or 
supporting ADA formation and should be further investigated.

The data suggest that fluoroquinolones and macrolides could 
possibly be used to reduce immunogenicity to biological therapy 
without risks associated with immunosuppressive therapy. The 
current study suggests that specific microbial manipulation may 
serve as a tool to modify immunogenicity which is preferably 
turned on for protective immunisations and off for biological 
therapy.

The retrospective nature of the analysis is a potential draw-
back. Therapeutic drug monitoring (TDM) was inconsistent 
in our cohort, and we did not have information regarding the 
indication for TDM performance. A selection bias might have 
occurred from the analysis of only patients with available ADA 
levels. Factors that underlie the referral for therapeutic drug 
monitoring might be associated with the risk of ADA develop-
ment and antibiotic treatment. These concerns were addressed 
and reduced by several measures. Primarily, various antibiotic 
classes, our main analysed exposures, are used mainly for non- 
IBD related indications, less often for IBD- related complications, 
yet mostly not to address biological treatment failure. Factors 
that might underlie decisions of ADA level measurement or 
the measurement site are not expected to affect antibiotic class 
selection and, most importantly its effect on immunogenicity. 
HMO based laboratory test locations are spread geographically 
across Israel and the site of ADA levels measurement is usually 
selected according to the patient and physician familiarity and 
convenience. Therefore, we believe that our cohort represents 

Figure 4 Kaplan- Meier curves with risk tables of cumulative risk of ADA development for prior use of combinations of pairs from cephalosporins, 
penicillin- BLIs, macrolides and fluoroquinolones. Tick marks represent censoring and shaded areas represent the 95% CI. The plot is limited to the first 
2000 days of follow- up. A p value for the log- rank test is presented in each plot. ADA, anti- drug antibodies; BLI, β-lactamase inhibitors.

Figure 5 Mean anti- drug antibodies levels in mice treated with 
anti- tumour necrosis factor and prior cefuroxime (n=20), azithromycin 
(n=21) or no antibiotic (regular control, n=25, or germ- free, n=5). ADA, 
anti- drug antibodies.
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a random sample of patients that undergo TDM. The quantita-
tive assessment of a possible selection bias revealed that while 
baseline variables were overall comparable between groups, a 
notable difference was observed in thiopurine use. This differ-
ence could be explained by increased awareness of the physician 
to immunogenicity which coincides with referral for TDM, or 
by an unstable disease course. However, this difference was rela-
tively modest, and all effects were adjusted for thiopurine use.

Antibiotics are usually taken in the same day or within a 
few days from dispensation date, a period which is negligible 
by comparison to the duration of follow- up of patients in our 
cohort. Hence the possibility of an immortal time bias due to 
meaningful misclassification of the exposures is substantially 
diminished.

We noted a substantial variation in first and last antibody 
measurement times between patients with and without antibi-
otic dispensations of all analysed classes. As these differences 
were consistent across all antibiotic classes, the possibility of a 
differential bias is reduced. Antibiotics that were administered in 
hospitals were not available in our registry. Nevertheless, hospi-
talisations with an IBD- related diagnosis were incorporated as 
a covariate in the multivariable survival analysis and did not 
disclose a significant association with the outcome. Addition-
ally, no particular indication for prescription of a specific anti-
biotic is expected to induce a bias. Importantly, the indication 
for antibiotic use may differ from the effect on immunogenicity. 
For example, perforating complications and perianal sepsis are 
commonly treated with either penicillin- BLIs or ciprofloxacin/
metronidazole. These treatments have a similar effect on disease 
pathogenesis yet had opposite effects on immunogenicity. 
Another major limitation is the inability to adjust exposure to 
antibiotics to type and severity of the infection for which they 
were prescribed which may be a substantial confounder for ADA 
development. Yet, the antibiotic groups that were found to be 
significantly associated with immunogenicity are indicated and 
prescribed for a diverse range of infections. The considerable 
effects on immunogenicity were demonstrated in a time fixed 
and time dependent manner of antibiotic use and with several 
alternative definitions of antibiotic exposure.

Further studies involving detailed analysis of the antibi-
otic effects on the human microbiome and immune milieu are 
needed, as well as comparative experiments with other medica-
tions used to reduce immunogenicity.
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SUPPLEMENTARY TABLES 

Supplementary table 1 Variables included in multivariable analysis and calculated 

Schoenfeld residuals for the Cox regression model 

Variable Chi square Degrees of freedom P value 

Cephalosporins 0.35 1 0.56 

Penicillin-BLIs 0.76 1 0.38 

Metronidazole 0.46 1 0.50 

Penicillins 0.94 1 0.33 

Macrolides 0.07 1 0.79 

Fluoroquinolones 0.29 1 0.59 

Adalimumab 0 1 0.99 

Crohn’s 1.34 1 0.25 

Previous anti-TNF 0.51 1 0.47 

Hospitalizations 0.14 1 0.71 

Surgeries 0.34 1 0.56 

Albumin (per 1 g/dL) 0.03 1 0.86 

CRP (per 1 mg/dL) 3.84 1 0.05 

Corticosteroids 0.65 1 0.42 

Methotrexate 0.02 1 0.89 

Thiopurines 0.06 1 0.81 

Global 13.3 16 0.65 
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Supplementary table 2 Comparison of Proportions and follow up times for patients treated 

and untreated with various antibiotic classes during follow up and patients with and without 

antidrug antibodies. For each variable, comparison for each time period was performed using 

the Mann-Whitney U test. All comparisons showed significant differences with p-

values<0.05.  

Antibiotic class Number and 

percentage of 

treated 

Time to first 

ADA 

measure in 

treated 

Time to first 

ADA measure 

in untreated 

Time to last 

ADA 

measure in 

treated 

Time to last 

ADA measure 

in untreated 

Cephalosporins 882 (45.3%) 854 (1,508) 421 (847) 948 (1,481) 493 (875) 

Penicillin-BLIs 934 (48.0%) 941 (1,540) 388 (766) 1,024 (1,494) 456 (802) 

Penicillins 985 (50.6%) 911 (1,467) 365 (765) 990 (1,435) 447 (792) 

Metronidazole 1,188 (61.0%) 762 (1,425) 374 (774) 827 (1,391) 426 (828) 

Macrolides 131 (6.7%) 831 (1,202) 559 (1,124) 880 (1,256) 638 (1,158) 

Fluoroquinolones 320 (16.4%) 1,960 (1,678) 449 (851) 2,009 (1,673) 511 (868) 

 Number and 

percentage of 

positive 

Time to first 

ADA 

measure in 

positive 

Time to first 

ADA measure 

in negative  

Time to last 

ADA 

measure in 

positive 

Time to last 

ADA measure 

in negative 

Antidrug 

antibodies 

368 (18.9%) 385 (844) 645 (1,252) 402 (853) 720 (1,222) 

ADA, antidrug antibodies
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Supplementary Table 3 Multivariable adjusted hazard ratios for ADA development during 

anti-TNF therapy. Data is shown for Cox proportional hazards models in which antibiotic 

classes were incorporated as time dependent covariates. Interaction terms for combination of 

pairs of cephalosporins, penicillins with BLIs, macrolides and fluroquinolones were added to 

explore possible synergism or antogonism. 

Variable aHR (95% CI) 

Antibiotic use, 1 year prior  

Cephalosporins 1.59 (1.17-2.15) 

Penicillin-BLIs 1.10 (0.80-1.51) 

Metronidazole 0.88 (0.70-1.10) 

Penicillins 0.79 (0.64-0.99) 

Macrolides 0.49 (0.13-1.79) 

Fluoroquinolones 0.12 (0.04-0.39) 

Interaction terms  

Cephalosporins:Penicillin-BLIs 1.56 (1.01-2.42) 

Cephalosporins:Macrolides 0.77 (0.14-4.23) 

Cephalosporins:Fluoroquinolones 1.25 (0.35-4.40) 

Penicillin-BLIs:Macrolides 0.77 (0.14-4.19) 

Penicillin-BLIs:Fluroquinolones 1.66 (0.47-5.90) 

Macrolides:Fluoroquinolones 0.00 (0.00-inf) 

Secondary effects  

Adalimumab vs infliximab 0.53 (0.43-0.66) 

Crohn’s vs UC 0.67 (0.51-0.87) 

Previous anti-TNF (yes vs no) 1.52 (1.23-1.88) 

Hospitalizations (yes vs no) 0.89 (0.79-1.00) 

Surgeries (yes vs no) 1.18 (0.90-1.54) 

Albumin (per increase of 1 g/dL) 0.94 (0.74-1.18) 

CRP (per increase of 1 mg/dL) 1.03 (1.02-1.03) 

Corticosteroids (yes vs no) 1.16 (0.90-1.50) 

Methotrexate (yes vs no) 0.84 (0.58-1.23) 

Thiopurines (yes vs no) 0.66 (0.53-0.82) 

aHR, adjusted hazard ratio; CI, confidence interval; CRP, C-reactive protein; BLI, beta lactamase inhibitors 
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Supplementary Table 4 Multivariable adjusted hazard ratios for ADA development during 

anti-TNF therapy. Data is shown for Cox proportional hazards models in which antibiotic 

classes were incorporated as time dependent covariates as either categorical variables defined 

as any use of specific class during the time period (1 year) in one model or as continuous 

variables defined as total sum of dispensations of antibiotics from this class during the same 

period in the second model. 

Variable aHR (95% CI)   

 Categorical Continuous   

Antibiotic use, 1 year prior     

Cephalosporins 1.78 (1.40-2.27) 1.36 (1.22-1.51)   

Penicillin-BLIs 1.45 (1.14-1.85) 1.23 (1.11-1.35)   

Metronidazole 0.85 (0.65-1.13) 0.97 (0.91-1.04)   

Penicillins 0.55 (0.41-0.77) 0.75 (0.62-0.91)   

Macrolides 0.29 (0.04-2.21) 0.29 (0.04-1.96)   

Fluoroquinolones 0.18 (0.06-0.50) 0.31 (0.14-0.66)   

Secondary effects     

Adalimumab vs infliximab 0.53 (0.43-0.66) 0.54 (0.43-0.67)   

Crohn’s vs UC 0.63 (0.48-0.81) 0.62 (0.48-0.80)   

Previous anti-TNF (yes vs no) 1.47 (1.19-1.82) 1.51 (1.21-1.85)   

Hospitalizations (yes vs no) 0.99 (0.86-1.14) 0.99 (0.90-1.08)   

Surgeries (yes vs no) 0.90 (0.62-1.31) 0.98 (0.90-1.07)   

Albumin (per increase of 1 g/dL) 0.95 (0.75-1.21) 0.97 (0.77-1.23)   

CRP (per increase of 1 mg/dL) 1.03 (1.02-1.03) 1.03 (1.03-1.04)   

Corticosteroids (yes vs no) 1.41 (1.02-1.95) 1.38 (0.99-1.90)   

Methotrexate (yes vs no) 0.99 (0.65-1.52) 0.98 (0.68-1.49)   

Thiopurines (yes vs no) 0.63 (0.50-0.78) 0.62 (0.50-0.78)   

aHR, adjusted hazard ratio; CI, confidence interval; CRP, C-reactive protein; BLI, beta lactamase inhibitors 
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Supplementary Table 5 Multivariable adjusted hazard ratios for ADA development during 

anti-TNF therapy with assessment of imputed variables (CRP and albumin). Data is shown 

for Cox proportional hazards models in which antibiotic classes were incorporated as time 

dependent categorical covariates. Data is presented for the complete cohort (n=1,946) but 

with a model that does not include CRP, and albumin, or for a partial cohort (n=1,497) of 

patients that have available information for all variables. 

Variable aHR (95% CI)   

 CRP, albumin excluded Partial cohort   

Antibiotic use, 1 year prior     

Cephalosporins 2.12 (1.71-2.62) 1.83 (1.42-2.35)   

Penicillin-BLIs 1.44 (1.16-1.79) 1.34 (1.04-1.73)   

Metronidazole 0.85 (0.68-1.06) 0.79 (0.61-1.04)   

Penicillins 0.78 (0.63-0.97) 0.75 (0.58-0.97)   

Macrolides 0.37 (0.16-0.82) 0.35 (0.14-0.85)   

Fluoroquinolones 0.24 (0.14-0.41) 0.21 (0.12-0.39)   

Secondary effects     

Adalimumab vs infliximab 0.51 (0.41-0.64) 0.54 (0.42-0.69)   

Crohn’s vs UC 0.73 (0.56-0.95) 0.67 (0.50-0.91)   

Previous anti-TNF (yes vs no) 1.61 (1.30-1.98) 1.64 (1.28-2.11)   

Hospitalizations (yes vs no) 0.88 (0.78-0.99) 0.91 (0.80-1.05)   

Surgeries (yes vs no) 1.12 (0.86-1.46) 1.28 (0.94-1.75)   

Albumin (per increase of 1 g/dL) - 0.95 (0.73-1.23)   

CRP (per increase of 1 mg/dL) - 1.03 (1.02-1.04)   

Corticosteroids (yes vs no) 1.14 (0.89-1.48) 1.08 (0.80-1.46)   

Methotrexate (yes vs no) 0.88 (0.61-1.28) 0.72 (0.46-1.14)   

Thiopurines (yes vs no) 0.69 (0.56-0.86) 0.72 (0.56-0.93)   

aHR, adjusted hazard ratio; CI, confidence interval; CRP, C-reactive protein; BLI, beta lactamase inhibitors 
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Supplementary table 6 Comparison of baseline variables between patients with available 

ADA levels that were included in our analysis and a frequency matched groups on treatment 

year in a 1:2 ratio of patients that did not have available ADA levels. 

Variable  With available ADA 

(n=1,946) 

No available ADA 

(n=3,887) 

P 

value 

Age, years  23 (19) 26 (20) <0.001 

Male, n (%)  909 (47) 1,768 (45) 0.39 

BMI, kg/m²  22.2 (6.2) 22.9 (6.6) <0.001 

Adalimumab, n (%)  1,065 (55) 2,344 (60) <0.001 

Prior anti-TNF, n (%)  567 (29) 1,120 (29) 0.82 

Crohn’s, n (%)  1,595 (82) 3,093 (80) 0.03 

Prior related surgery  526 (27) 1,154 (30) 0.04 

Recent prior hospitalizations  886 (46) 1,882 (48) 0.04 

Lab results, median (IQR)     

Hemoglobin*, g/dL  12.8 (2.2) 12.9 (2.4) 0.06 

WBC*, K/µL  7.3 (3.1) 7.2 (3.0) 0.91 

Platelets*, K/µL  284 (118) 283 (111) 0.1 

CRP*, mg/dL  0.9 (2.0) 1.0 (2.4) 0.01 

Albumin*, g/dL  4.1 (0.6) 4.1 (0.6) 0.04 

Prior/concomitant 

medications, n (%) 

    

Antibiotics  1,593 (82) 3,172 (82) 0.84 

Corticosteroids  236(12) 411 (11) 0.08 

Thiopurines  856 (44) 1,430 (37) <0.001 

Methotrexate  133 (7) 280 (7) 0.64 

5-ASA  572 (29) 1,114 (29) 0.58 

ADA, anti-drug antibodies; BMI, body mass index; WBC, white blood cells; CRP, C-reactive protein; 
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Supplementary table 7 Kruskal-Wallis multiple comparison p-values adjusted with the 

Benjamini-Hochberg adjustment method 

Comparison Adjusted p-value 

Azithromycin - Cefuroxime 0.04 

Azithromycin - Control 0.56 

Cefuroxime - Control 0.09 

Azithromycin - Germ free 0.01 

Cefuroxime - Germ free <0.001 

Control - Germ free 0.004 
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FIGURE LEGENDS 

Supplementary figure 1 Graphical summary of the survival analysis model design 
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SUPPLEMENTARY TABLES 

Supplementary table 1 Variables included in multivariable analysis and calculated 

Schoenfeld residuals for the Cox regression model 

Variable Chi square Degrees of freedom P value 

Cephalosporins 0.35 1 0.56 

Penicillin-BLIs 0.76 1 0.38 

Metronidazole 0.46 1 0.50 

Penicillins 0.94 1 0.33 

Macrolides 0.07 1 0.79 

Fluoroquinolones 0.29 1 0.59 

Adalimumab 0 1 0.99 

Crohn’s 1.34 1 0.25 

Previous anti-TNF 0.51 1 0.47 

Hospitalizations 0.14 1 0.71 

Surgeries 0.34 1 0.56 

Albumin (per 1 g/dL) 0.03 1 0.86 

CRP (per 1 mg/dL) 3.84 1 0.05 

Corticosteroids 0.65 1 0.42 

Methotrexate 0.02 1 0.89 

Thiopurines 0.06 1 0.81 

Global 13.3 16 0.65 
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Supplementary table 2 Comparison of Proportions and follow up times for patients treated 

and untreated with various antibiotic classes during follow up and patients with and without 

antidrug antibodies. For each variable, comparison for each time period was performed using 

the Mann-Whitney U test. All comparisons showed significant differences with p-

values<0.05.  

Antibiotic class Number and 

percentage of 

treated 

Time to first 

ADA 

measure in 

treated 

Time to first 

ADA measure 

in untreated 

Time to last 

ADA 

measure in 

treated 

Time to last 

ADA measure 

in untreated 

Cephalosporins 882 (45.3%) 854 (1,508) 421 (847) 948 (1,481) 493 (875) 

Penicillin-BLIs 934 (48.0%) 941 (1,540) 388 (766) 1,024 (1,494) 456 (802) 

Penicillins 985 (50.6%) 911 (1,467) 365 (765) 990 (1,435) 447 (792) 

Metronidazole 1,188 (61.0%) 762 (1,425) 374 (774) 827 (1,391) 426 (828) 

Macrolides 131 (6.7%) 831 (1,202) 559 (1,124) 880 (1,256) 638 (1,158) 

Fluoroquinolones 320 (16.4%) 1,960 (1,678) 449 (851) 2,009 (1,673) 511 (868) 

 Number and 

percentage of 

positive 

Time to first 

ADA 

measure in 

positive 

Time to first 

ADA measure 

in negative  

Time to last 

ADA 

measure in 

positive 

Time to last 

ADA measure 

in negative 

Antidrug 

antibodies 

368 (18.9%) 385 (844) 645 (1,252) 402 (853) 720 (1,222) 

ADA, antidrug antibodies
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Supplementary Table 3 Multivariable adjusted hazard ratios for ADA development during 

anti-TNF therapy. Data is shown for Cox proportional hazards models in which antibiotic 

classes were incorporated as time dependent covariates. Interaction terms for combination of 

pairs of cephalosporins, penicillins with BLIs, macrolides and fluroquinolones were added to 

explore possible synergism or antogonism. 

Variable aHR (95% CI) 

Antibiotic use, 1 year prior  

Cephalosporins 1.59 (1.17-2.15) 

Penicillin-BLIs 1.10 (0.80-1.51) 

Metronidazole 0.88 (0.70-1.10) 

Penicillins 0.79 (0.64-0.99) 

Macrolides 0.49 (0.13-1.79) 

Fluoroquinolones 0.12 (0.04-0.39) 

Interaction terms  

Cephalosporins:Penicillin-BLIs 1.56 (1.01-2.42) 

Cephalosporins:Macrolides 0.77 (0.14-4.23) 

Cephalosporins:Fluoroquinolones 1.25 (0.35-4.40) 

Penicillin-BLIs:Macrolides 0.77 (0.14-4.19) 

Penicillin-BLIs:Fluroquinolones 1.66 (0.47-5.90) 

Macrolides:Fluoroquinolones 0.00 (0.00-inf) 

Secondary effects  

Adalimumab vs infliximab 0.53 (0.43-0.66) 

Crohn’s vs UC 0.67 (0.51-0.87) 

Previous anti-TNF (yes vs no) 1.52 (1.23-1.88) 

Hospitalizations (yes vs no) 0.89 (0.79-1.00) 

Surgeries (yes vs no) 1.18 (0.90-1.54) 

Albumin (per increase of 1 g/dL) 0.94 (0.74-1.18) 

CRP (per increase of 1 mg/dL) 1.03 (1.02-1.03) 

Corticosteroids (yes vs no) 1.16 (0.90-1.50) 

Methotrexate (yes vs no) 0.84 (0.58-1.23) 

Thiopurines (yes vs no) 0.66 (0.53-0.82) 

aHR, adjusted hazard ratio; CI, confidence interval; CRP, C-reactive protein; BLI, beta lactamase inhibitors 
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Supplementary Table 4 Multivariable adjusted hazard ratios for ADA development during 

anti-TNF therapy. Data is shown for Cox proportional hazards models in which antibiotic 

classes were incorporated as time dependent covariates as either categorical variables defined 

as any use of specific class during the time period (1 year) in one model or as continuous 

variables defined as total sum of dispensations of antibiotics from this class during the same 

period in the second model. 

Variable aHR (95% CI)   

 Categorical Continuous   

Antibiotic use, 1 year prior     

Cephalosporins 1.78 (1.40-2.27) 1.36 (1.22-1.51)   

Penicillin-BLIs 1.45 (1.14-1.85) 1.23 (1.11-1.35)   

Metronidazole 0.85 (0.65-1.13) 0.97 (0.91-1.04)   

Penicillins 0.55 (0.41-0.77) 0.75 (0.62-0.91)   

Macrolides 0.29 (0.04-2.21) 0.29 (0.04-1.96)   

Fluoroquinolones 0.18 (0.06-0.50) 0.31 (0.14-0.66)   

Secondary effects     

Adalimumab vs infliximab 0.53 (0.43-0.66) 0.54 (0.43-0.67)   

Crohn’s vs UC 0.63 (0.48-0.81) 0.62 (0.48-0.80)   

Previous anti-TNF (yes vs no) 1.47 (1.19-1.82) 1.51 (1.21-1.85)   

Hospitalizations (yes vs no) 0.99 (0.86-1.14) 0.99 (0.90-1.08)   

Surgeries (yes vs no) 0.90 (0.62-1.31) 0.98 (0.90-1.07)   

Albumin (per increase of 1 g/dL) 0.95 (0.75-1.21) 0.97 (0.77-1.23)   

CRP (per increase of 1 mg/dL) 1.03 (1.02-1.03) 1.03 (1.03-1.04)   

Corticosteroids (yes vs no) 1.41 (1.02-1.95) 1.38 (0.99-1.90)   

Methotrexate (yes vs no) 0.99 (0.65-1.52) 0.98 (0.68-1.49)   

Thiopurines (yes vs no) 0.63 (0.50-0.78) 0.62 (0.50-0.78)   

aHR, adjusted hazard ratio; CI, confidence interval; CRP, C-reactive protein; BLI, beta lactamase inhibitors 
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Supplementary Table 5 Multivariable adjusted hazard ratios for ADA development during 

anti-TNF therapy with assessment of imputed variables (CRP and albumin). Data is shown 

for Cox proportional hazards models in which antibiotic classes were incorporated as time 

dependent categorical covariates. Data is presented for the complete cohort (n=1,946) but 

with a model that does not include CRP, and albumin, or for a partial cohort (n=1,497) of 

patients that have available information for all variables. 

Variable aHR (95% CI)   

 CRP, albumin excluded Partial cohort   

Antibiotic use, 1 year prior     

Cephalosporins 2.12 (1.71-2.62) 1.83 (1.42-2.35)   

Penicillin-BLIs 1.44 (1.16-1.79) 1.34 (1.04-1.73)   

Metronidazole 0.85 (0.68-1.06) 0.79 (0.61-1.04)   

Penicillins 0.78 (0.63-0.97) 0.75 (0.58-0.97)   

Macrolides 0.37 (0.16-0.82) 0.35 (0.14-0.85)   

Fluoroquinolones 0.24 (0.14-0.41) 0.21 (0.12-0.39)   

Secondary effects     

Adalimumab vs infliximab 0.51 (0.41-0.64) 0.54 (0.42-0.69)   

Crohn’s vs UC 0.73 (0.56-0.95) 0.67 (0.50-0.91)   

Previous anti-TNF (yes vs no) 1.61 (1.30-1.98) 1.64 (1.28-2.11)   

Hospitalizations (yes vs no) 0.88 (0.78-0.99) 0.91 (0.80-1.05)   

Surgeries (yes vs no) 1.12 (0.86-1.46) 1.28 (0.94-1.75)   

Albumin (per increase of 1 g/dL) - 0.95 (0.73-1.23)   

CRP (per increase of 1 mg/dL) - 1.03 (1.02-1.04)   

Corticosteroids (yes vs no) 1.14 (0.89-1.48) 1.08 (0.80-1.46)   

Methotrexate (yes vs no) 0.88 (0.61-1.28) 0.72 (0.46-1.14)   

Thiopurines (yes vs no) 0.69 (0.56-0.86) 0.72 (0.56-0.93)   

aHR, adjusted hazard ratio; CI, confidence interval; CRP, C-reactive protein; BLI, beta lactamase inhibitors 
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Supplementary table 6 Comparison of baseline variables between patients with available 

ADA levels that were included in our analysis and a frequency matched groups on treatment 

year in a 1:2 ratio of patients that did not have available ADA levels. 

Variable  With available ADA 

(n=1,946) 

No available ADA 

(n=3,887) 

P 

value 

Age, years  23 (19) 26 (20) <0.001 

Male, n (%)  909 (47) 1,768 (45) 0.39 

BMI, kg/m²  22.2 (6.2) 22.9 (6.6) <0.001 

Adalimumab, n (%)  1,065 (55) 2,344 (60) <0.001 

Prior anti-TNF, n (%)  567 (29) 1,120 (29) 0.82 

Crohn’s, n (%)  1,595 (82) 3,093 (80) 0.03 

Prior related surgery  526 (27) 1,154 (30) 0.04 

Recent prior hospitalizations  886 (46) 1,882 (48) 0.04 

Lab results, median (IQR)     

Hemoglobin*, g/dL  12.8 (2.2) 12.9 (2.4) 0.06 

WBC*, K/µL  7.3 (3.1) 7.2 (3.0) 0.91 

Platelets*, K/µL  284 (118) 283 (111) 0.1 

CRP*, mg/dL  0.9 (2.0) 1.0 (2.4) 0.01 

Albumin*, g/dL  4.1 (0.6) 4.1 (0.6) 0.04 

Prior/concomitant 

medications, n (%) 

    

Antibiotics  1,593 (82) 3,172 (82) 0.84 

Corticosteroids  236(12) 411 (11) 0.08 

Thiopurines  856 (44) 1,430 (37) <0.001 

Methotrexate  133 (7) 280 (7) 0.64 

5-ASA  572 (29) 1,114 (29) 0.58 

ADA, anti-drug antibodies; BMI, body mass index; WBC, white blood cells; CRP, C-reactive protein; 
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Supplementary table 7 Kruskal-Wallis multiple comparison p-values adjusted with the 

Benjamini-Hochberg adjustment method 

Comparison Adjusted p-value 

Azithromycin - Cefuroxime 0.04 

Azithromycin - Control 0.56 

Cefuroxime - Control 0.09 

Azithromycin - Germ free 0.01 

Cefuroxime - Germ free <0.001 

Control - Germ free 0.004 
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FIGURE LEGENDS 

Supplementary figure 1 Graphical summary of the survival analysis model design 
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