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REVIEWED BY

Pablo Sabat,
Centro de la Visión, Chile
Sara Concha,
Pontificia Universidad Católica de Chile, Chile
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Therapeutic drug monitoring
plays an important role in
patients with noninfectious
uveitis receiving adalimumab
Weidong Cheng1†, Jiayu Xiao2†, Shengjie Li3, Huaru Wang2,
Shasha Wang2, Yujing Qian1, Chan Zhao1, Fei Gao1,
Xuzhen Qin2* and Meifen Zhang1*

1Department of Ophthalmology, Peking Union Medical College Hospital, Chinese Academy of
Medical Sciences and Peking Union Medical College, Beijing, China, 2Department of Laboratory
Medicine, Peking Union Medical College Hospital, Chinese Academy of Medical Sciences and Peking
Union Medical College, Beijing, China, 3Institute of Clinical Medicine, National Infrastructure for
Translational Medicine, State Key Laboratory of Complex Severe and Rare Diseases, Chinese Academy
of Medical Sciences and Peking Union Medical College, Beijing, China
Objective: To evaluate the association between serum adalimumab (ADA)

concentrations, antibodies against adalimumab (AAAs), tumor necrosis factor a
(TNFa) levels, and clinical response in patients with noninfectious uveitis (NIU), as

well as changes in TNFa after administration of ADA, to explore the role of

therapeutic drug monitoring in these patients.

Methods: This retrospective study included NIU patients treated with ADA at

Peking Union Medical College Hospital between June 2024 and April 2025, who

underwent testing for serum ADA and AAA levels. Most patients also had serum

TNFa measured concurrently. Clinical data collected included concomitant

medications, ADA dosing frequency, and ocular inflammation status, etc. High-

performance size-exclusion chromatography was used to characterize forms of

TNFa in serum samples of patients. THP-1 cells were stimulated with free TNFa
or TNFa-ADA complexes to compare their pro-inflammatory activity.

Results: Among 164 test results from 147 patients included (aged 5~56 years),

median ADA level was significantly lower in AAA-positive patients than in AAA-

negative patients (1.9 vs. 6.4 mg/mL; P<0.001), and lower in those with active

inflammation than in those with quiescent inflammation (2.2 vs. 6.0 mg/mL;

P<0.001). An ADA level below 4.1 mg/mL was associated with poor clinical

response. Concomitant antimetabolite use was linked to a lower proportion of

detectable AAAs compared with ADA monotherapy (34.3% vs. 54.5%; P = 0.036).

Median ADA level was significantly higher when testing occurred ≤14 days after

the last dose of ADA (P<0.001), though many patients maintained therapeutic

levels even with extended dosing intervals. TNFa levels increased inmost patients

after ADA therapy, predominantly in the form of TNFa-ADA complexes, which

exhibited significantly weaker pro-inflammatory effects than free TNFa.
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Conclusion: The presence of AAAs was associated with reduced ADA levels and

an increased risk of treatment failure. Despite the limitations of a retrospective

design, these findings suggest that therapeutic drugmonitoring may help identify

causes of treatment failure and optimize regimens in stable patients.
KEYWORDS

drug monitoring, noninfectious uveitis, adalimumab, antidrug antibodies, tumor
necrosis factor a
1 Introduction

Noninfectious uveitis (NIU) is a group of autoimmune

inflammatory ocular diseases, which may be seriously sight-

threatening. Traditional therapeutic agents include topical and

systemic corticosteroids, antimetabolites, calcineurin inhibitors,

etc. Adalimumab (ADA), a fully humanized tumor necrosis factor

a (TNFa) inhibitor, has been shown to be effective and safe in

treating NIU in adults and adolescents (1–4). It was the first

biological agent that was permitted by United States Food and

Drug Administration to treat NIU. It is administered by

subcutaneous injection, every two weeks initially. It’s typically

used in cases refractory to conventional therapy, or as a first-line

treatment for certain etiologies such as Behçet disease (5). However,

some patients yet experienced treatment failure. And for those who

had satisfactory response, there is currently no consensus on when

the dosing interval can be prolonged and when it can be withdrawn.

Several studies have reported the development of antibodies against

ADA (AAAs) in patients with NIU, which can result in loss of

medication efficacy of ADA (6–10). However, the conclusions of

these studies are constrained by the limited sample size, and no

studies have focused on the changes of serum TNFa levels in

patients. The aim of this study was to investigate the relationship

among circulating ADA levels, AAAs, TNFa and clinical response

in Chinese patients receiving ADA therapy for NIU.
2 Materials and methods

2.1 Study design and patient recruitment

This single-site, retrospective cross-sectional study was

conducted at the Department of Ophthalmology, Peking Union

Medical College Hospital (PUMCH). NIU patients treated with

ADA who underwent therapeutic drug monitoring (TDM),

including measurements of serum ADA and AAA levels, from

June 2024 to April 2025, were included. This study was approved by

the PUMCH Ethics Review Committee, and due to its retrospective

nature, informed consent was waived.
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To minimize variability in ADA levels due to timing of drug

administration, only patients who received TDM over 7 days after a

scheduled dose of ADA were included, since it takes about 5 to 7

days for ADA to reach peak concentration.
2.2 Data collection

Demographic data including gender and age were obtained by

medical record review. Diagnosis, duration of therapy, frequency of

ADA administration, coexisting local and systemic treatment,

ocular inflammatory activity status, serum ADA, AAA and TNFa
level at the time of laboratory examination were documented.

ADA and AAA levels were tested in serum samples using

reagents produced by Changde Horui Biotechnology Ltd, China,

and analyzers produced by Suzhou Helmen Precision Instruments

Ltd , China , based on the pr inc ip le o f fluorescence

immunochromatography assay. And TNFa levels were measured

using reagents and analyzers produced by Siemens Healthcare

Diagnostics Products Ltd, UK, based on the principle of

chemiluminescent immunometric assay. The lower and upper

limits of quantification for ADA levels are <0.4 mg/mL and >500

mg/mL, respectively; for AAA levels, they are <4 ng/mL and >500

ng/mL, respectively. And for TNFa, the analytical sensitivity is 1.7
pg/mL.

Clinical response was categorized as active or inactive

inflammation. Inactive inflammation was determined if the

following criteria were all met in both eyes: grade 0 of anterior

chamber cells and vitreous haze; resolution or quiescence of

previous inflammatory choroidal or retinal lesions; no appearance

of new inflammatory choroidal or retinal lesions; and no newly

added topical or systemic anti-inflammatory medications at the

last visit.
2.3 Characterization of TNFa forms

A subset of serum samples from included patients were

fractionated by high-performance size-exclusion chromatography
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(HP-SEC) to characterize ex vivo forms of TNFa. Serum was diluted

1:1 in PBS and filtered (0.22 mm filter) before applying 1.0 mL to a

Superdex 200 10/300 GL column (GE Healthcare, UK) and eluted with

PBS (0.75 mL/min). Elution profiles were monitored by measuring

absorption at 280 nmwith an ÄKTA explorer high-performance liquid

chromatography system (GE Healthcare, UK). Samples spiked with

free TNFa (stored in 6% human serum albumin) [TNFa (500 pg/mL)

supplemented with IVIg (5 mg/mL)] and TNFa-ADA complexes

[TNFa (500 pg/mL) and ADA (5 mg/mL), supplemented with IVIg

(5 mg/mL)] were used as controls (11). Fractions of 0.5 mL were

collected and TNFa concentrations were measured using reagents and

analyzers mentioned above.
2.4 Comparison of pro-inflammatory
activity between free TNFa and TNFa-ADA
complexes

Take P3 generation of THP-1 cells (EallBio Life Sciences,

China) and inoculate them in 96-well plates at a density of 1×105

cells per well. Add complete culture medium containing 1, 5, 25,

and 125 ng/mL free TNFa and TNFa-ADA complexes respectively.

Set 0 ng/mL as the blank control. Each group has 6 duplicate wells.

Place them in a CO2 incubator for 48 hours. Then, collect the

supernatant of the culture medium and use the cytokine multiplex

detection kits (Cellgene Biotechnology, China) to detect the levels of

pro-inflammatory cytokines such as interleukin (IL) -1b, IL-6, IL-8
and interferon g (IFNg) in the supernatant.
2.5 Statistical analysis

Statistical analyses were performed using MedCalc, version

23.2.1 (MedCalc Software Ltd, Belgium). Data were expressed as

median for continuous variables and frequency (percentage) for

qualitative variables. Comparisons of continuous variables were

performed using the Mann-Whitney U test. c2 test was used for

comparisons involving qualitative variables. A binary logistic

regression model was used to generate receiver operating

characteristic (ROC) curves to determine threshold ADA level

associated with inflammatory activity. Statistical significance was

defined as P<0.05.
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3 Results

A total of 147 patients with NIU receiving ADA therapy were

included, each of whom underwent TDM at least once. The median

(IQR) age was 14.0 (11.0~22.0) years (range, 5.0~56.0 years), and

64.6% were adolescents under 18 years old. 73 patients (49.7%) were

female and 74 were male (50.3%). The median (IQR) time from

ADA therapy initiation to laboratory examination was 18.0

(9.0~34.5) months (range, 3.0~122.0 months). Bilateral disease

was present in 121 patients (82.3%). Specific disease etiologies

among included patients are listed in Table 1.

A total of 164 TDM results were included in the analysis. The

median (IQR) ADA level was 5.3 (2.1~8.2) mg/mL. AAAs were

present in 62 tests (37.8%). Serum TNFa levels were tested at the

same time of 144 examinations, and the median (IQR) level was

140.5 (31.0~247.5) pg/mL.
3.1 Association between ADA levels and
presence of AAAs

Notably, median ADA level was lower in patients with AAAs

than in those without AAAs (1.9 vs. 6.4 mg/mL; P<0.001). When
TABLE 1 Diagnoses of included patients.

Diagnosis No. (%)

Behçet disease 18 (12.2)

Blau syndrome 2 (1.4)

HLA-B27-associated uveitis 2 (1.4)

Idiopathic uveitis

Anterior 4 (2.7)

Anterior and intermediate 45 (30.6)

Posterior 8 (5.4)

Panuveitis 41 (27.9)

Juvenile idiopathic arthritis-associated uveitis 20 (13.6)

Posner-Schlossman syndrome 1 (0.7)

Scleritis 2 (1.4)

Vogt-Koyanagi-Harada disease 4 (2.7)
TABLE 2 ADA levels based on presence or absence of AAAs, stratified by different perspectives.

Stratifications No. (%)
ADA level, median, mg/mL

P value
AAA present AAA absent

Active inflammation 45 (27.4) <0.4 4.9 <0.001

Inactive inflammation 119 (72.6) 4.2 6.9 <0.001

Without concomitant drugs 44 (26.8) 1.5 6.9 0.005

With concomitant drugs 120 (73.2) 2.2 6.3 <0.001

Every 2 weeks 75 (45.7) 4.0 8.8 <0.001

Less frequent dosing 89 (54.3) 0.7 4.5 <0.001
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stratified by clinical response, with or without concomitant

immunomodulatory drugs and dosing intervals of ADA, median

ADA level remained lower in AAA-positive patients, compared

with AAA-negative patients (Table 2).
3.2 Association between clinical response
and ADA levels or presence of AAAs

To investigate the relationship among clinical response, ADA

level and presence of AAAs, the cohort was stratified based on

active or inactive ocular inflammation. A total of 45 examinations

(27.4%) were performed while the inflammation was active. The

median ADA level was 2.2 mg/mL in patients with active

inflammation, which was significantly lower than 6.0 mg/mL in

patients with quiescent inflammation (P<0.001). Furthermore, the

proportion of patients with detectable AAAs was higher in the

active group (23 of 45 [51.1%]) compared with the inactive group

(39 of 119 [32.8%]; P = 0.031). The trend was similar when stratified

by coexisting drugs and dosing frequency of ADA, but there was no

significant difference in some situations (Table 3).

Analysis of ROC curve demonstrated that an ADA level below

the threshold of 4.1 mg/mL was associated with active inflammation,

with a sensitivity of 66.7% (95% CI, 51.0%~80.0%) and specificity of

68.1% (95% CI, 58.9%~76.3%) and an area under the curve (AUC)

of 0.709, P<0.001 (Figure 1).
3.3 Influence of concomitant
immunosuppressors on presence of AAAs

The influence of concomitant immunosuppressors on ADA

levels and production of AAAs was analyzed. 44 tests (26.8%)
Frontiers in Immunology 04
were performed when patients were using ADA as systemic

monotherapy, while others were performed when patients

were taking at least one kind of other immunomodulatory drugs,

such as low-dose oral corticosteroids, antimetabolites, calcineurin

inhibitors, etc. There was no significant difference in median

ADA level between patients with or without concomitant

drugs (5.7 vs. 4.0 mg/mL; P = 0.065). But when it comes to the
TABLE 3 ADA levels and proportion of AAA present in active or inactive ocular inflammatory status, stratified by different perspectives.

Stratifications
ADA level, median, mg/mL

P value
Active inflammation Inactive inflammation

Total 2.2 6.0 <0.001

Without concomitant drugs 2.1 4.5 0.221

With concomitant drugs 3.4 6.2 <0.001

Every 2 weeks 3.8 7.9 0.009

Less frequent dosing 1.7 4.5 0.002

Stratifications
AAA present, %

P value
Active inflammation Inactive inflammation

Total 51.1 32.8 0.031

Without concomitant drugs 63.6 51.5 0.489

With concomitant drugs 47.1 25.6 0.023

Every 2 weeks 50.0 29.1 0.095

Less frequent dosing 52.0 35.9 0.168
FIGURE 1

Receiver operating characteristic curve of ADA levels for clinical
response.
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presence of AAAs, the proportion was lower in the antimetabolite

(including methotrexate, mycophenolate mofetil and azathioprine)

group compared with the ADA monotherapy group (34.3% vs.

54.5%; P = 0.036). On the other hand, calcineurin inhibitors

(including cyclosporine and tacrolimus) did not reduce the

proportion of AAA positivity (Table 4).
3.4 Association between dosing time and
ADA levels

We subsequently investigated the relationship between

ADA levels and the time interval since the last administration

of ADA. To eliminate the influence of AAAs on ADA levels, we

only retained the test results without detectable AAAs and

generated a scatter plot (Figure 2). There was significant

inter-individual variability in pharmacokinetics of ADA. The

median ADA level was 7.0 mg/mL for intervals of ≤14 days,

which was significantly higher than the median ADA level of 4.5

mg/mL for longer intervals (P<0.001). However, a considerable

proportion of patients with extended dosing intervals still

maintained ADA levels above the effective threshold of 4.1

mg/mL, and 90.6% of these patients were under stable control

of ocular inflammation.
Frontiers in Immunology 05
3.5 Changes of TNFa levels after ADA
therapy

The correlation among serum TNFa levels, presence of AAAs

and clinical response was explored. Analysis demonstrated that

median TNFa level was significantly higher in absence of AAAs,

and in patients whose ocular inflammation was quiescent (Table 5).

An interesting phenomenon emerged. We traced back 43 results of

TNFa level before administration of ADA. It turned out that TNFa
levels increased in 42 of 43 patients (97.7%) after ADA therapy. To

characterize the forms of TNFa, we analyzed several serum samples of

included patients with HP-SEC. We first fractionated standard control

samples of free TNFa and TNFa-ADA complexes. TNFa levels were

measured in collected fractions. Free TNFa was eluted in the

later fractions since the molecular volume was small (Figure 3A),

whereas for TNFa-ADA complexes, the TNFa peak shifted to the left

(Figure 3B). Next, we characterized serum samples (n=6) with the same

protocol and compared the location of TNFa peak with control

samples. Two representative graphs of patients are shown

(Figures 3C, D). The TNFa peaks of patients’ sera consistently

overlapped with control samples of TNFa-ADA complexes, which

means after the use of ADA, the majority forms of elevated TNFawere

TNFa-ADA complexes.

Subsequently, we compared the differences in pro-

inflammatory activity between free TNFa and TNFa-ADA

complexes. It was clear that THP-1 cells secreted significantly

higher levels of IL-1b, IL-6, IL-8 and IFNg when they were

stimulated with free TNFa, compared with TNFa-ADA

complexes (Table 6). It demonstrated that the pro-inflammatory

activity of TNFa-ADA complexes was significantly lower than

free TNFa.
4 Discussion

This study provides one of the largest sample sizes in analyzing

the role of TDM with ADA therapy in patients with NIU.

Our findings demonstrated that the presence of AAAs was

associated with lower ADA levels and risk of treatment failure.

ROC analysis found that ADA level above 4.1 mg/mL was associated

with favorable clinical response. Although concomitant

immunosuppressants did not influence ADA levels, we found that

antimetabolites could significantly reduce the production of AAAs;

however, calcineurin inhibitors could not. Patients whose time

intervals from last dose of ADA to TDM were ≤14 days had a

significantly higher median ADA level than patients with longer
TABLE 4 Proportion of AAA present, stratified by different concomitant systemic immunomodulatory drugs.

AAA present, % P value

Without concomitant drugs 54.5

With concomitant drugs 31.7 0.008

With one kind of antimetabolites 34.3 0.036

With one kind of calcineurin inhibitors 54.5 1.000
FIGURE 2

Relationship between ADA levels and time interval since last dose of
ADA.
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TABLE 5 TNFa level stratified by presence or absence of AAAs and clinical response.

Stratifications No. (%)
TNFa level, median (IQR),

pg/mL
P value

AAA present 57 (39.6) 65.5 (15.0~212.0)
<0.001

AAA absent 87 (60.4) 174.0 (113.3~261.5)

Active inflammation 35 (24.3) 53.9 (15.7~172.8)
0.002

Inactive inflammation 109 (75.7) 159.0 (90.0~257.8)
F
rontiers in Immunology
 06
FIGURE 3

Characterization of forms of TNFa. (A) Control sample of free TNFa; (B) Control sample of TNFa-ADA complexes; (C, D) Serum samples of NIU
patients after ADA therapy.
TABLE 6 Levels of pro-inflammatory cytokines after THP-1 cells were treated with free TNFa and TNFa-ADA complexes.

Groups
Cytokine levels, median, pg/ml

IL-1b P value IL-6 P value IL-8 P value IFNg P value

TNFa 1ng/mL 1.98
0.048

3.03
0.011

176.24
0.012

0.38
0.562

TNFa 1ng/mL +ADA 1.21 1.39 51.79 0.32

TNFa 5ng/mL 4.30
<0.001

7.59
<0.001

550.40
<0.001

1.04
0.001

TNFa 5ng/mL +ADA 1.68 2.22 115.97 0.49

TNFa 25ng/mL 11.77
0.003

19.79
<0.001

1315.87
<0.001

2.84
<0.001

TNFa 25ng/mL +ADA 4.75 6.18 299.62 0.61

TNFa 125ng/mL 22.58
0.001

40.09
<0.001

2651.78
<0.001

3.13
<0.001

TNFa 125ng/mL +ADA 9.79 16.32 799.58 0.77
fro
ntiersin.org

https://doi.org/10.3389/fimmu.2025.1733644
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cheng et al. 10.3389/fimmu.2025.1733644
intervals, but there were many patients with prolonged dosing

intervals who could also keep ADA levels above the effective

threshold. We unexpectedly found that in the vast majority of

patients, serum TNFa levels had risen after administration of ADA,

and higher TNFa levels were associated with the absence of AAAs

and inactive ocular inflammation. Furthermore, we revealed that

the majority forms of elevated TNFa were TNFa-ADA complexes.

This result was observed for the first time in patients with NIU.

The immunogenicity of ADA, manifested as formation of

AAAs, is an important therapeutic consideration when

prescribing ADA for patients with NIU. A sustained antidrug

response to biological agents depends on the formation of IgG

antibodies that target the antigen binding sites of monoclonal

antibodies and are thought to be neutralizing (12). AAAs are

reported to develop as early as 2 weeks or up to several years

after administration of ADA in rheumatological diseases (13).

Brunelli et al. (14) reported that AAAs reached a peak frequency

of 37% at 6 months in patients with juvenile idiopathic arthritis

after ADA initiation. In our study, AAAs were detectable in 37.8%

of tests, which was in line with limited data on NIU, ranged from

2.7% and 5% in the VISUAL I (1) and VISUAL II (2) trials,

respectively, to 13.6% and 45% in smaller prospective studies and

retrospective case series (6–9). It was reported in previous studies

that risk factors for AAA formation included higher disease activity,

longer disease duration, concomitant infection, intramuscular route

of administration, and specific human leukocyte antigen alleles such

as HLA-DQA1*05 (12–17).

Regardless of inflammation activity, concomitant therapy and

dosing interval, the presence of AAAs was associated with lower ADA

levels in this cohort. When clinical response was compared, the

general trend was that low ADA levels and presence of AAAs were

more likely to lead to treatment failure. However, in some stratified

analyses, the difference wasn’t statistically significant, especially in

ADA monotherapy group, which was due to sample size perhaps.

Concurrent antimetabolite use, particularly methotrexate, had

been reported to be associated with lower rates of AAA formation in

patients with systemic rheumatologic diseases (13, 17–19).

However, evidence supporting that antimetabolites could reduce

AAAs in patients with NIU is limited. Skrabl-Baumgartner et al. (7)

reported that patients with juvenile idiopathic arthritis-associated

uveitis treated with ADA who did not form AAAs were more likely

to be receiving a concurrent antimetabolite; on the contrary, Pichi

et al (10) did not find a significant influence of antimetabolites on

AAA formation. Besides, Bellur et al (9) found that mycophenolate

mofetil could reduce AAA levels, whereas methotrexate could not.

Consistent with some prior reports, our study found that

concomitant antimetabolite use was associated with a lower

likelihood of AAA detection. Nevertheless, only one kind of

calcineurin inhibitors did not reduce AAA formation, which was

discovered for the first time.

Several studies showed that TDM in ADA-treated NIU patients

may be beneficial. Sejournet et al (8) and Pichi et al (10) reported that

AAA formation, low ADA levels together with therapy failure brought
Frontiers in Immunology 07
about increased ADA dosing frequency, an increased dose and

intraclass or interclass treatment switching, suggesting that TDM

may be useful in determining treatment adjustment. Additionally,

TDM in rheumatologic and inflammatory bowel diseases has been

associated with reduced treatment costs and facilitated treatment

optimization (20–23). In our study, we found that a substantial

proportion of patients on extended dosing intervals maintained ADA

levels above the identified therapeutic threshold. It indicated that TDM

could help minimize overexposure of ADA.

While ADA is one kind of TNFa inhibitors, it seemed strange

that most patients’ TNFa level rose up after the administration of

ADA. Our experiments on representative serum samples of

patients demonstrated that the dominant forms of TNFa after

ADA therapy were TNFa-ADA complexes, whose pro-

inflammatory effect was significantly weaker than free TNFa.
Conversely, low serum TNFa levels reflect that ADA may

combine with AAAs preferentially rather than free TNFa, since
free TNFa is rapidly cleared from the circulation, but TNFa-ADA
complex has a prolonged half-life (11).

There are some limitations in our study. The retrospective

nature of the study meant that there were variable dosing

intervals of ADA, and some examinations were not performed

exactly on the day of trough drug concentrations, limiting the

representativeness of pharmacokinetics. Despite these limitations,

this study provides one of the largest sample sizes focusing on the

role of TDM of ADA in patients with NIU.
5 Conclusion

This study underscores the importance of TDM during ADA

therapy in NIU. Patients with sufficiently high AAA levels may

have negligible ADA concentrations, leading to loss of

effectiveness. For these patients, it is necessary to consider

therapy switching to another TNFa inhibitor or a different type

of immunomodulatory drugs. Furthermore, less frequent dosing

may maintain serum ADA concentrations above effective level in a

subset of patients. TDM could be beneficial in reducing

overexposure of ADA in these patients. Further prospective

studies are needed to clarify the role of TDM in ADA treatment

in patients with NIU.
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