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ABSTRACT
Objectives  Mycophenolate mofetil (MMF) and 
azathioprine (AZA) are immunomodulatory treatments in 
interstitial lung disease (ILD). This systematic review aimed 
to evaluate the efficacy of MMF or AZA on pulmonary 
function in ILD.
Design  Population included any ILD diagnosis, 
intervention included MMF or AZA treatment, outcome 
was delta change from baseline in per cent predicted 
forced vital capacity (%FVC) and gas transfer (diffusion 
lung capacity of carbon monoxide, %DLco). The primary 
endpoint compared outcomes relative to placebo 
comparator, the secondary endpoint assessed outcomes in 
treated groups only.
Eligibility criteria  Randomised controlled trials (RCTs) 
and prospective observational studies were included. No 
language restrictions were applied. Retrospective studies 
and studies with high-dose concomitant steroids were 
excluded.
Data synthesis  The systematic search was performed 
on 9 May. Meta-analyses according to drug and outcome 
were specified with random effects, I2 evaluated 
heterogeneity and Grading of Recommendations, 
Assessment, Development and Evaluation evaluated 
certainty of evidence. Primary endpoint analysis was 
restricted to RCT design, secondary endpoint included 
subgroup analysis according to prospective observational 
or RCT design.
Results  A total of 2831 publications were screened, 12 
were suitable for quantitative synthesis. Three MMF RCTs 
were included with no significant effect on the primary 
endpoints (%FVC 2.94, 95% CI −4.00 to 9.88, I2=79.3%; 
%DLco −2.03, 95% CI −4.38 to 0.32, I2=0.0%). An overall 
2.03% change from baseline in %FVC (95% CI 0.65 to 
3.42, I2=0.0%) was observed in MMF, and RCT subgroup 
summary estimated a 4.42% change from baseline in 
%DLCO (95% CI 2.05 to 6.79, I2=0.0%). AZA studies were 
limited. All estimates were considered very low certainty 
evidence.
Conclusions  There were limited RCTs of MMF or AZA and 
their benefit in ILD was of very low certainty. MMF may 
support preservation of pulmonary function, yet confidence 
in the effect was weak. To support high certainty evidence, 
RCTs should be designed to directly assess MMF efficacy 
in ILD.
PROSPERO registration number  CRD42023423223.

INTRODUCTION
Interstitial lung disease (ILD) is a diverse 
group of conditions that affect the interstitial 
structure of the lungs. These diseases can be 
characterised by progressive lung damage, 
resulting in symptoms such as dyspnoea, 
decreased exercise tolerance and a dimin-
ished quality of life.1 Forced vital capacity 
(FVC) and the diffusion lung capacity of 
carbon monoxide (DLCO) are widely used to 
assess the severity of disease and predict prog-
nosis of people with ILD.2

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Mycophenolate mofetil (MMF) and azathioprine 
(AZA) are two immunomodulatory drugs used in the 
treatment of connective tissue disease with both 
drugs having mechanisms that target lymphocytes. 
While increasingly used in treatment of interstitial 
lung disease (ILD), there is limited evidence for the 
efficacy of MMF or AZA in improving outcomes.

WHAT THIS STUDY ADDS
	⇒ We undertook a systematic review and meta-
analysis to assess whether administration MMF or 
AZA in ILD was associated with changes in pulmo-
nary function and gas transfer. There was an unclear 
benefit of MMF on ILD. There was no significant 
difference in outcome when compared with place-
bo or standard of care. A minor increase in per cent 
predicted forced vital capacity and diffusion lung 
capacity of carbon monoxide from baseline was ob-
served in MMF. Studies on AZA were limited.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Findings may provide indication of an attenuation on 
lung function decline, however, all estimates should 
be considered weak evidence with a high likelihood 
that additional trials may change effect estimates in 
a manner sufficient to influence decision-making. 
The limited number of controlled studies in MMF and 
AZA highlight an important need for additional well-
designed randomised controlled trials to directly test 
their efficacy in ILD.
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Mycophenolate mofetil (MMF) and azathioprine 
(AZA) are two immunomodulatory drugs commonly 
used in the treatment of connective tissue disease (CTD) 
and associated ILD (CTD-ILD). MMF works by blocking 
the de novo synthesis of DNA, thereby inhibiting the 
proliferation of lymphocytes. AZA is a purine analogue 
that hinders purine synthesis and becomes incorporated 
into DNA during the anabolic process. Similar to MMF, 
this mechanism of action makes both drugs more specific 
for targeting lymphocytes, as lymphocytes do not have a 
salvage pathway in DNA synthesis.3

There is limited evidence for the safety or efficacy of 
MMF or AZA in improving outcomes for people with 
ILD.4 This systematic review and meta-analysis aims to 
assess whether the administration of MMF or AZA in ILD 
is associated with changes in pulmonary function and gas 
transfer, and to synthesise evidence of safety profiles.

METHODS
Search strategy
The prespecified protocol was submitted to PROS-
PERO on 3 May 2023 and registered on 16 May 2023 
(CRD42023423223). The search strategy was last 
performed on 9 May 2023.

The population was defined as people with ILD (Idio-
pathic pulmonary fibrosis (IPF), chronic hypersensi-
tivity pneumonia and all CTD-ILD, including systemic 
scleroderma) the intervention was MMF or AZA; the 
comparator was placebo or standard of care; the primary 
outcomes were per cent predicted FVC (%FVC) and 
DLCO (%DLCO). Adverse events, respiratory symptoms, 
quality of life and mortality were investigated as secondary 
outcomes. Relevant studies were searched in Medline 
and Embase using comprehensive search terms (online 
supplemental documents 1 and 2). Relevant ongoing 
trials were searched on clinicaltrials.gov (online supple-
mental document 3).

Inclusion criteria
Eligible studies included interventional randomised 
controlled trials (RCTs) and observational prospective 
studies of adults (>18 years old) diagnosed with any ILD, 
where at least one arm was treated with MMF or AZA. Low 
doses of steroids concomitant with or prior to MMF or 
AZA treatment were allowed, while we excluded studies 
with concomitant high-dose therapies (≥20 mg/day of 
prednisone or equivalent). Finally, we excluded studies 
that did not report %FVC or %DLCO. No language restric-
tions were applied.

Study selection and data extraction
Two authors (FL and LF) independently assessed the 
titles and abstracts of the identified studies according 
to the eligibility criteria. Subsequently, two authors (FL 
and LF) evaluated the full text of the selected articles 
to determine their inclusion. Any disagreements were 

resolved through discussion and consensus with a third 
author (IS) resolving any remaining disagreements.

Data were independently extracted using a proforma 
and confirmed by two authors (FL and LF). Extracted 
data included study design, authors, year of publication; 
patient data namely age, reported sex or gender, dura-
tion of disease at the time of evaluation, aetiology of the 
disease and intervention characteristics, including MMF 
or AZA treatment, dose and duration of treatments. 
Primary outcomes of interest, %FVC and %DLCO, were 
extracted, along with any secondary outcomes reported, 
at baseline and follow-up time point closest to 12 months.

Continuous primary outcomes were collected as 
mean and SD at baseline and follow-up time points. 
When studies reported other summary values, these 
were converted to mean and SD.5 Secondary outcomes 
reported as dichotomous and categorical variables were 
extracted as ratio and/or per cent.

Risk of bias
Two authors (FL and LF) independently used the 
Cochrane ‘Risk of Bias’ assessment tool 2.0 to evaluate 
the included RCTs prior to quantitative synthesis.6 Risk of 
bias in the observational prospective studies was assessed 
using the Newcastle-Ottawa Quality Assessment Scale.7 
To assess the risk of bias in single-arm observational 
cohorts, specifically for evaluation of ‘selection bias’ 
and ‘comparative bias’ on the Newcastle-Ottawa Quality 
Assessment Scale, baseline time points were considered 
as the ‘not exposed cohort’ and the follow-up time point 
as the ‘exposed cohort’. Studies that were determined to 
have a high risk of bias were excluded from quantitative 
synthesis.

Statistical analysis
When two or more studies were available for a specific 
treatment, a random effects meta-analysis with 
inverse-variance was performed to evaluate the effect 
of the treatment on %FVC and %DLCO values. Esti-
mates were expressed as weighted mean difference 
(WMD) with 95% CI.

Where there were sufficient RCT data, the primary 
endpoint analysis assessed the delta difference in %FVC 
and %DLCO at follow-up from baseline in respiratory 
function for MMF or AZA relative to the comparator. In 
a secondary endpoint analysis, the difference in %FVC 
and %DLCO between follow-up and baseline in people 
receiving of MMF or AZA was compared. Analyses were 
performed according to drug, prespecified subgroup 
analyses were performed according to study design (RCT 
or prospective observation study) and follow-up time (6 
months or 12 months and over).

Heterogeneity was evaluated using I2 statistic to inter-
pret the proportion of the total variability that was due 
to between-study heterogeneity, as well as inspection of 
forest plots. All analyses were performed by using Stata 
SE V.17.0.
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Assessment of certainty of evidence
The Grading of Recommendations, Assessment, Devel-
opment and Evaluation (GRADE) approach was used to 
assess the certainty of evidence in effect estimates from 
RCT data exclusively. The level of certainty was evaluated 
as high, moderate, low or very low, considering factors 
of risk of bias, inconsistency, indirectness, imprecision 
and publication bias.8 Publication bias was inspected with 
asymmetry in funnel plots and Egger’s test.

Patient and public involvement
Representatives from the Action for Pulmonary Fibrosis 
charity were involved in the design and dissemination 
of this systematic review. Members of the REMAP-ILD 
Consortium include charity representatives.

RESULTS
Search of relevant studies
A total of 2831 publications from Embase and Medline 
were identified. After removal of duplicates and evalu-
ating the titles and abstracts, 23 studies were assessed for 
eligibility. Among these, 11 studies were excluded due 
to retrospective design (n=2), incompleteness (n=2), 
lack of the outcome of interest (n=2) or the presence of 
concomitant treatment with high doses of steroids (n=5) 
(figure  1, online supplemental table 1). A total of 13 
studies were eligible for qualitative synthesis (table 1).9–21 
Separately, four ongoing MMF studies were identified, 
including one phase II RCT, two open-label trials and 

one prospective cohort study; two studies address pulmo-
nary involvement of systemic sclerosis, one study recruits 
participants with fibrotic hypersensitivity pneumonitis 
and one study focuses on idiopathic inflammatory 
myopathy ILD (online supplemental document 3).

Risk of bias
A moderate risk of bias was observed for the blinding of 
outcome assessment in all the included RCTs,12 14 15 19–21 
as there were no mentioned strategies to blind the pulmo-
nary function test evaluations (figure  2A). Roig et al21 
and Zhang et al20 were considered at high risk of bias 
in terms of blinding of participants and personnel, as 
they compared intravenous and oral (per os) treatments 
without implementing a double dummy strategy. Due to 
the high risks of bias across a number of domains and 
insufficient data reporting, the study by Roig et al21 was 
excluded from quantitative synthesis. In the assessment 
of prospective observational studies, six studies10 11 13 16–18 
had selection bias in the ascertainment of exposure, but 
all studies were considered adequate (figure 2B, online 
supplemental table 2).

MMF and AZA efficacy in primary endpoint relative to 
comparator
MMF or AZA were tested in a total of four trials, with three 
trials using MMF15 19 20 and one trial using AZA.14 Only 
MMF trials were included in primary analysis with a total 
of 249 participants, of which 119 were in the intervention 

Figure 1  Preferred reporting items for systematic review and meta-analysis (PRISMA) flow of study search and inclusion. 
AZA, azathioprine; MMF, mycophenolate mofetil.
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arm and 130 were in the comparator arm (figure 3A). In 
primary analysis, the overall delta change in %FVC values 
from baseline to follow-up was not significantly different 
between the intervention and comparator arms (WMD 
2.94, 95% CI −4.00 to 9.88, I2=79.3%). Significant heter-
ogeneity was observed and the estimate was interpreted 

to have very low certainty (table 2, online supplemental 
figure 1A).

The overall delta change in %DLCO from baseline to 
follow-up was not significantly different in the interven-
tional arm compared with the comparator arm (WMD 
%DLco −2.03, 95% CI −4.38 to 0.32, I2=0.0% (figure 3B). 
Heterogeneity was not observed and the estimate was 
interpreted to have very low certainty (table  2, online 
supplemental figure 2B).

MMF or AZA efficacy in secondary endpoints
A total of 6 prospective observational studies9–11 16–18 and 
5 RCTs12 14 15 19 20 were included in secondary analysis of 
the difference between follow-up and baseline in %FVC, 
including a combined sample of 267 evaluated at base-
line and 244 at follow-up, representing 7.5% loss to follow 
up. In prespecified subgroup analysis by drug (online 
supplemental figure 3A), treatment with AZA suggested 
a decline in %FVC with treatment, although this was 
not statistically significant (two studies; WMD −6.14, 
95% CI −12.88 to 0.61, I2=48.3%). Treatment with MMF 
was observed to have a small and significant increase in 
%FVC value at follow-up (nine studies; WMD 2.03, 95% 
CI 0.65 to 3.42, I2=0.0%). Additional subgroup analyses 
performed on MMF treatment observed similar effect 
sizes according to study design and very low certainty of 
evidence (figure  4A, table  2), while a greater effect of 
MMF was observed at follow-up of 12 months or over with 
no significant heterogeneity between time points (online 
supplemental figure 4A).

Data from a total of 7 observational studies9–11 13 16–18 
and 5 RCTs12 14 15 19 20 were available for analysis of %DLCO, 
including 262 and 234 patients, respectively, at baseline 
and follow-up representing a 10.7% loss to follow up. In 
subgroup analysis by drug (online supplemental figure 
3B), treatment with AZA suggested a decline (two studies; 
−5.72, 95% CI −13.79 to 2.34, I2=49.8%), while treatment 
with MMF suggested an increase (10 studies; 1.62, 95% 
CI −1.70 to 4.94, I2=60.5%), although effect estimates did 
not reach significance and substantial heterogeneity was 
observed. Additional subgroup analyses performed on 
MMF treatment observed a significant decline in %DLCO 
in prospective observation studies (WMD −1.36, 95% CI 
−2.37 to −0.36, I2=0.0%) and a significant improvement 
in RCTs (WMD 4.42, 95% CI 2.05 to 6.79; I2=0.0%), with 
substantial heterogeneity between subgroups and very 
low certainty in evidence (figure 4B, table 2). Subgroup 
analysis on follow-up time did not observe a signifi-
cant effect in %DLCO with no significant heterogeneity 
observed between groups (figure 4B).

Qualitative synthesis of adverse events
All the studies reported adverse events. The most frequent 
adverse events in the treated arms were diarrhoea and 
pneumonia, followed by lympho/leucopenia, anaemia 
and skin infection (online supplemental table 3).

Figure 2  Qualitative synthesis: risk of bias. (A) Risk of bias 
in RCTs assessed using Cochrane ROB2.0 tool. (B) Risk of 
bias assessed using Newcastle-Ottawa Quality assessment 
scale for cohort studies. Green has been assessed as: three 
or four stars in selection bias; two stars in comparability, 
three stars in outcome. Yellow has been assessed as: two 
stars in selection bias; one star in comparability, two stars 
in outcome. RCTs, randomised controlled trial; ROB2.0, 
Risk of Bias 2.0.
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Four studies reported on respiratory symptoms.11 12 15 18 
In the study by Mankikian et al, no significant difference 
was observed in the change from baseline in dyspnoea 
and cough between the treated patients and the 
placebo group. Naidu et al reported an improvement 
in respiratory symptoms in both arms of the study, with 
no significant difference between the treatment and 
control groups. Liossis et al reported an improvement 
in respiratory symptoms compared with baseline after 

administration of MMF. Vaiarello et al evaluated symp-
toms during a cardiopulmonary exercise test before and 
after MMF treatment, observing no significant difference 
in dyspnoea measured by the Borg scale.

Two studies reported change in quality of life.12 15 
Mankikian et al and Naidu et al evaluated the change of 
quality of life between the interventional and the control 
arm using respectively the SF-36 V.1.3 questionnaire 
and the Medical Outcome Survey SF-36 V.2. Both these 

Figure 3  Primary endpoint analysis of efficacy on pulmonary function relative to comparator. (A) Forest plot of difference 
in %FVC in treatment of MMF versus comparators at follow-up. (B) Forest plot of difference in %DLco in treatment of MMF 
versus comparators at follow-up. Positive values indicate improvement relative to comparator, negative values indicate 
decline relative to comparator. Presented with cohort size (N) for intervention and comparator, weighted mean difference 
(WMD) and 95% CI. Follow-up time reported in months. %DLco, per cent predicted diffusion lung capacity of carbon 
monoxide; %FVC, per cent predicted forced vital capacity; MMF, mycophenolate mofetil.
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studies reported no difference in the QoL in MMF arm 
compared with control. None of the included studies 
reported on mortality.

DISCUSSION
This systematic review and meta-analysis suggested an 
unclear benefit of MMF or AZA on FVC or DLCO in people 
with ILD. Secondary endpoint analysis of change over 
time stratified by treatment suggested a minor increase in 
%FVC or %DLCO compared with baseline in MMF treated 
groups. The review highlighted a limited number of trials 
and prospective observational studies that directly tested 
the effect of MMF or AZA on lung function in the current 
literature, particularly precluding interpretations on the 
efficacy of AZA.

All estimates based on MMF RCT data were of very low 
GRADE certainty of evidence. Risk of bias was deemed 
moderate as one trial included unblinded participants, 
one study was post hoc analysis of trial data, and all trials 
had potential issues in blinding of outcome assessment. 
Heterogeneity and differences in the direction of effect 
across RCTs contributed to inconsistency. Imprecision 
was considered high due to limited RCTs, small samples 
and small effect sizes with wide CIs. Indirectness was 
deemed moderate as studies included different diag-
noses. There was no strong evidence of publication bias. 
While these findings provide some indication of the 
effect, all estimates should be considered weak evidence 
with a high likelihood that additional studies may change 
effect estimates in a manner sufficient to influence 
decision-making.

Primary endpoint analysis in MMF observed no signifi-
cant effect of treatment vs comparator groups for %FVC 
or %DLCO, although a non-significant effect in %DLCO 
favoured comparator. In contrast, secondary endpoint 
analysis suggested that MMF treatments could improve 
on baseline pulmonary function, although this may 
be insufficient relative to placebo. In further subanal-
yses restricted to MMF, greater improvement in %FVC 
was observed at longer follow-up, with no difference 
according to study design. Conversely, greater improve-
ment in %DLCO was observed in trial designs, with no 
difference according to follow-up timing. While hetero-
geneity was minimised in subgroup analyses, effect sizes 
were small.

In the narrative review of adverse events, we found that 
both treatments were well tolerated, however, studies 
on real-world data suggest difficulties in tolerability.4 
The most frequent adverse events observed with MMF 
and AZA treatment included respiratory infections and 
haematological disorders. It is noteworthy that these 
adverse events were often mild and did not typically 
require specific treatment nor differ to events encoun-
tered in standard treatments. MMF or AZA interruption 
due to adverse events led to treatment discontinua-
tion only in a few cases. Symptoms appeared to slightly 
improve after treatment commenced, but stricter inter-
ventional vs placebo studies are needed to assess the real 
effect on patient-reported outcomes.

The first meta-analysis examining the safety and effi-
cacy of MMF in ILD associated with systemic sclerosis, 
conducted by Tzouvelekis et al included both retrospective 

Table 2  GRADE approach to rate certainty of effect estimates

No of studies Design Risk of bias Inconsistency Indirectness Imprecision
Publication 
bias

Certainty
(overall score)*

(a) Primary outcome: MMF effect in %FVC delta difference at follow-up relative to comparators

3 RCTs Moderate High 
inconsistency

Moderate 
indirectness

High 
imprecision

Low ⨁〇〇〇
Very Low

(b) Primary outcome: MMF effect in %DLCO delta difference at follow-up relative to comparators

3 RCTs Moderate Moderate 
inconsistency

Moderate 
indirectness

High 
imprecision

Low ⨁〇〇〇
Very Low

(c) Secondary outcome: MMF effect in %FVC change from baseline

4 RCTs Moderate Moderate 
inconsistency

Moderate 
indirectness

High 
imprecision

Low ⨁〇〇〇
Very Low

(d) Secondary outcome: MMF effect in %DLCO change from baseline

3 RCTs Moderate Low 
inconsistency

Moderate 
indirectness

High 
imprecision

Low ⨁〇〇〇
Very Low

*4 ⨁⨁⨁⨁ High=This research provides a very good indication of the likely effect. The likelihood that the effect will be substantially different† 
is low. 3 ⨁⨁⨁〇 Moderate=This research provides a good indication of the likely effect. The likelihood that the effect will be substantially 
different† is moderate. 2 ⨁⨁〇〇 Low=This research provides some indication of the likely effect. However, the likelihood that it will be 
substantially different† is high. 1 ⨁〇〇〇 Very low=This research does not provide a reliable indication of the likely effect. The likelihood that 
the effect will be substantially different† is very high.
†Substantially different=a large enough difference that it might affect a decision.
%DLCO, per cent predicted diffusion lung capacity of carbon monoxide; FVC, forced vital capacity; GRADE, Grading of Recommendations, 
Assessment, Development and Evaluation; MMF, mycophenolate mofetil; RCT, randomised controlled trial.
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and one prospective study. The outcomes of their study 
align with our findings, indicating an acceptable safety 
profile for MMF without clear evidence regarding its 
effectiveness on pulmonary function.22 Similarly, network 
meta-analysis in systemic sclerosis associated ILD did not 
identify significant treatment efficacy of MMF, nor AZA 
in combination with cyclosporin-A.23 Further studies are 

necessary across ILD diagnoses to ascertain potential effi-
cacy in disease subtypes.

This study employed a comprehensive search strategy 
and strict inclusion criteria, which focused on prospec-
tive designs and trials. To support quality, estimates were 
specifically provided for trial designs along with GRADE 
assessment. We did not include restrictions on study 

Figure 4  Secondary endpoint analysis of efficacy on pulmonary function compared with baseline. Subgroup analysis of 
MMF overall and summary estimates presented by study design of trial or prospective observational study.4 (A) Forest plot of 
change in %FVC at follow-up versus baseline. (B) Forest plot of change in %DLco versus baseline. Positive values indicate 
improvement relative to baseline, negative values indicate decline relative to baseline. Presented with cohort size (N) for 
intervention and comparator, weighted mean difference (WMD) and 95% CIs. Follow-up time reported in months. %DLco, 
per cent predicted diffusion lung capacity of carbon monoxide; %FVC, per cent predicted forced vital capacity; MMF, 
mycophenolate mofetil.
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language or cohort size. MMF and AZA were evaluated in 
prespecified subgroup analysis based on drug. Where study 
designs included other treatments, data were collected 
to support interpretation of MMF or AZA with omission 
of the drug in comparator arms. Effects regarding AZA 
should be interpreted with great caution due to limited 
studies and insufficient studies for primary analysis. 
Those involving AZA included an active intervention of 
Cyclosporin-A in the comparator, with addition of AZA 
in the treatment group, precluded specific interpretation 
of AZA alone. The limited representation of AZA in the 
recent literature may be partially attributed to the results 
of the PANTHER trial, where AZA in combination with 
n-acetylcysteine and prednisone led to worse outcomes 
in patients with IPF.24 Mankikian et al designed an RCT 
randomising rituximab+MMF versus MMF, we extracted 
data only from the MMF arm for secondary endpoints.12 
Furthermore, studies were not consistent in ILD diag-
nosis inclusion, with the majority of prospective observa-
tional studies including systemic sclerosis-associated ILD; 
trials included IPF, non-specific interstitial pneumonia 
and CTD-ILD, which may contribute to heterogeneity in 
effect estimates. While ongoing studies were identified, 
MMF studies did not included blinded phase III RCTs 
and no AZA studies were identified.

In conclusion, the beneficial impact of MMF and AZA 
on pulmonary function in patients with ILD is uncer-
tain with some weak evidence that suggests a need to 
further investigate the effect of MMF in preserving func-
tion. While MMF and AZA were generally well tolerated 
in patients with ILD, it is important to note that the 
certainty of effects on pulmonary function was very low. 
Further well-designed RCTs across diagnoses of fibrotic 
and inflammatory ILD are necessary to support high 
certainty evidence.
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