1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Curr Rheumatol Rev. Author manuscript; available in PMC 2020 January 01.

-, HHS Public Access
«

Published in final edited form as:
Curr Rheumatol Rev. 2019 ; 15(4): 277-289. doi:10.2174/1573397115666190116102451.

Reinterpreting Evidence of Rheumatoid Arthritis-Associated
Interstitial Lung Disease to Understand Etiology

Emily K. Wul2, Robert D. Ambrosini3, R. Matthew Kottmann#, Christopher T. Ritchlin1:5,
Edward M. Schwarz!26, Homaira Rahimil:3.7.

1Center for Musculoskeletal Research, University ofRochester School ofMedicine and Dentistry,
Rochester, NY

2Department ofMicrobiology & Immunology, University ofRochester School ofMedicine and
Dentistry, Rochester, NY

3Department oflmaging Sciences, University ofRochester School ofMedicine and Dentistry,
Rochester, NY

4Division of Pulmonary Diseases and Critical Care, Department of Medicine, University of
Rochester School of Medicine and Dentistry, Rochester, NY

SDivision ofAllergy, Immunology, Rheumatology, Department ofMedicine, University ofRochester
School ofMedicine and Dentistry, Rochester, NY

5Department of Orthopaedics, University ofRochester School ofMedicine and Dentistry,
Rochester, NY

"Department ofPediatrics, University ofRochester School ofMedicine and Dentistry, Rochester,
NY

Abstract

Interstitial lung disease (ILD) is a well-known complication ofrheumatoid arthritis (RA) which
often results in significant morbidity and mortality. It is often diagnosed late in the disease process
via descriptive criteria. Multiple subtypes ofRA-ILD exist as defined by chest CT and
histopathology [1]. In the absence of formal natural history studies and definitive diagnostics, a
conventional dogma has emerged that there are two major subtypes ofRA-ILD (nonspecific
interstitial pneumonia (NSIP) and usual interstitial pneumonia (UIP)). These subtypes are based
on clinical experience and correlation studies [2-4]. However, recent animal model data are
incongruous with established paradigms ofRA- ILD and beg reassessment of the clinical evidence
in order to better understand etiology, pathogenesis, prognosis, and response to therapy. To this
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end, here we: 1) review the literature on epidemiology, radiology, histopathology and clinical
outcomes of the various RA-ILD subtypes, existing animal models, and current theories on RA-
ILD pathogenesis; 2) highlight the major gaps in our knowledge; and 3) propose future research to
test an emerging theory of RA-ILD that posits initial rheumatic lung inflammation in the form of
NSIP-like pathology transforms mesenchymal cells to derive chimeric disease, and subsequently
develops into frank UIP-like fibrosis in some RA patients. Elucidation of the pathogenesis ofRA-
ILD is critical for the development of effective interventions for RA-ILD.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic and systemic inflammatory disease estimated to
affect 0.5-1% of the world’s population [5, 6]. Significantly, RA is commonly associated
with symmetric immune infiltration into diarthrodial joints [7] leading to synovitis [8], and
progressive erosion of bone and cartilage [9]. This pathology ultimately leads to deformity
of multiple joints, decreases in quality of life, and constitution of a high economic burden [6,
10].

While joints are known to be the primary targets of RA, there are several extra-articular
manifestations of the disease which become the main causes of mortality in RA patients [11]
and ultimately contribute to the lower overall survival rate of RA patients [11-13]. These
non-arthritic pathologies include nodule formation, cardiovascular disease, ocular
inflammation, and pulmonary disease; of these, cardiovascular disease and respiratory
related mortality were found to be disproportionately associated with RA [14].

Interstitial lung disease (ILD) is one of the primary extra-articular manifestations of RA,
causing significant mortality [15, 16]. Moreover, rheumatoid arthritis-associated ILD (RA-
ILD) is heterogeneous, with tissue pathology showing a highly variable mix of both fibrotic
and inflammatory changes. High-resolution computed tomography (HRCT) is currently the
most utilized clinical method to diagnose RA-ILD. While there have been a number of
studies evaluating the implications of radiographic characterization schemes with regard to
prognosis, pathogenesis, and treatment, the resulting data is conflicting and often
inconsistent. Multiple attempts at defining the differences between certain subsets of RA-
ILD have served to highlight the overlaps in radiographic patterns, as well as similar risk
factors, and hypothesized etiologies for various ILD subtypes. Moreover, defining RA-ILD
subtype based on HRCT results is further complicated by literature correlating HRCT
imaging with corresponding histopathology in the context of RA-ILD, as the strength of the
correlations between the tests are variable depending on the study [17, 18]. Finally, the
enigma of RAILD subtypes posits that there must be distinct etiologies, which remain
elusive. Thus, to the end of establishing an evidence-based understanding of RA-ILD and its
subtypes, here we address the current estimates of disease prevalence, mortality, theories on
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pathogenesis, and histopathological effects of conventional therapies. Furthermore, we
review the most recent research correlating radiographic imaging to histologic patterns in
RA-ILD cases and interpret these data to summarize critical gaps in our knowledge. Finally,
we briefly discuss experimental evidence from pre-clinical models of RA-ILD, which are
being used to formally elucidate the pathogenesis of lung disease in RA.

Epidemiology

The prevalence of RA-ILD within the RA patient cohort has been reported to be between
3.6-58% [15, 16, 19-23]. The large degree of variability in these numbers is related to the
differences in sensitivity between methods and thresholds of detection used in each separate
study. Methods of diagnosis ranged from clinical data and spirometry-based pulmonary
function tests to HRCT and X-ray imaging results, bronchoalveolar lavage, and biopsy
studies. In a study by Bongartz et al looking specifically at RA-ILD, RA patients were
estimated to have an approximate 10% lifetime risk of being diagnosed with ILD [15].
Compared to the non-RA population, this results in a hazard ratio of 8.96 (95% CI 4.02—
19.94) [15], suggesting that patients with RA are almost nine times more likely to be
diagnosed with ILD than the non-RA group.

In patients diagnosed with RA-ILD, Kaplan-Meier analyses revealed a significantly
increased mortality rate compared to those with no pulmonary disease, with a median
survival expectancy of 2.6 years post-diagnosis [15], and a 10-year survival rate of 20-40%
[15, 24]. Other RA-ILD studies have described similar trends [25], with median survival
expectancies ranging from 3-8.27 years [26-29]. To attain a more accurate and specific
prognosis, RA-ILD can be broken down into multiple subtypes based on pulmonary
histopathology and radiologic patterns. The most prevalent patterns of RA-ILD are usual
interstitial pneumonia (UIP), which is predominantly fibrotic, and nonspecific interstitial
pneumonia (NSIP), which can be further broken down into inflammatory and fibrotic
subtypes [30]. The implications of these different pathologic patterns with regards to
diagnostic and prognostic capabilities have been an intense area of research interest.
Multiple studies have shown that patients with UIP have more severe progressive lung
pathology [31-34], yet there is conflicting data on the prognostic utility of radiographic
assessments. In a recent study of RA-ILD mortality, Solomon et al found that UIP patterns
on CT had greater rates of pulmonary function decline, with higher rates of death (44%),
compared to the NSIP cohort (24%). Median survival time was also found to be worse in the
UIP cohort as compared to the NSIP subjects (10.18 vs. 13.62 years, respectively) [31].
While median survival times were markedly shorter, Kim et al also found definitive UIP to
be significantly worse than ILD without this pattern (median survival 3.2 vs. 6.6 years), and
of similar severity as idiopathic pulmonary fibrosis [35]. However, no significant
correlations have been found between radiographic subtypes and mortality once adjusted for
confounding variables (including age, sex, smoking history, baseline F\VC%, and change in
FVC%) [31], suggesting that it is the degree of lung function, independent of radiographic
pattern, that correlates best with prognosis. While HRCT pattern was not a significant
predictor in these models, it was noted that changes in pulmonary function (FVC% and
DLCO% over time) were found to be accelerated in UIP.
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There have also been studies on ILD that failed to identify significant differences in
mortality based on disease subtype. Nurmi et al compared disease progression based on
different radiographic patterns, and they reported similar median survival times between UIP
(92 months, 95% CI 62.8-121.2) and non-UIP (137 months, 95% CI 31.0-243.0) patterns
[32]. Interestingly, Zamora-Legoff et al found that while UIP had a definite correlation to
more progressive disease compared to NSIP [33], there was no difference in 5-year survival
rates (UIP 55.2%, 95% ClI 43.7-69.8, vs NSIP 65.0%, 95% CI 53.6-78.8) [29]. This
apparent discrepancy in survival rates between UIP and non-UIP patterns may be explained
by a recent study, done by Yunt et al, where it was demonstrated that nuances in the
radiographic classification criteria affect the ability of an accurate prognosis. In classifying
radiographic data into 3 distinct groups of “definite UIP”, “possible UIP”, and “definite
NSIP”, no statistical differences were found in survival between the groups. However, when
combined into a single group, “definite or possible UIP” had worse survival compared to
“definite NSIP”. It was therefore concluded that any sign of UIP is sufficient for an accurate
prognosis [28]. Taken together, these clinical studies highlight the need for better
radiographic phenotyping of ILD, which could permit for more objective diagnoses, and
more definitive prognoses between subtypes.

Another important demographic factor, for which there is also a lack of consensus, is sexual
dimorphism. As it is known that the prevalence of RA and mortality rates of RA patients are
significantly higher in females [1, 2], many investigators have attempted to apply this
parameter to studies on extra-articular symptoms. Conflicting evidence exists from a variety
of studies regarding sexual dimorphism in RA-ILD. Historically, it has been suggested that
men who develop RA have worse disease and increased mortality. However, more recent
data purports that the confounding factors of smoking and cardiovascular disease, both
higher in men than in women, may have resulted in increased mortality risk in men with RA.
Olson et al found that there is a higher prevalence and age-adjusted mortality rate in women
compared to men in RA patient populations [16]. The majority of other studies, however,
have found that RAILD is a predominantly male-skewed pathology [15, 25, 34,36]. Some
papers have found a trend towards males with regards to disease progression, although no
statistical significance was achieved [31, 33]. This finding supported previously published
data by Bongartz et al, which found males to be the predominant population of RA-ILD
patients (58.7%), with a calculated hazard ratio for males of 4.37 (95% CI 2.43-7.88) [15].
The same conclusions were found by Wang et al, in which the distribution of male:female
RA-ILD patients was significantly higher to that of RA patients in general [36]. Notably,
few papers have attempted to define sexual dimorphism in the context of pulmonary
radiographic subtypes. When categorizing their RA-ILD cohort by subtype, Lee et al found
that while UIP was predominately male dominated (M:F, 8:2), NSIP was found to be more
female populated (M:F, 0:6) [30]. Thus, there are likely differences between men and
women who develop RA-ILD, but further studies in both pre-clinical and clinical settings
are needed to clarify the existence and significance of sexual dimorphism in this disease.

3. Radiologic Imaging Patterns in RA-ILD

The current standard of care for RA-ILD diagnosis is high-resolution computed tomography
(HRCT) imaging [37, 38]. While chest radiographs and pulmonary function testing are also
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commonly used to evaluate lung disease and function, HRCT has been shown to detect more
subtle structural abnormalities in the pulmonary tissue at earlier stages of disease [39]. This
method of diagnosis has replaced lung biopsy based on the presumption that imaging
correlates with histopathologic changes, despite the fact that this is often not the case. Many
argue that this begs reassessment of the NSIP vs. UIP system for general characterization of
RA-ILD. Clinically, NSIP and UIP pathologies mimic each other very closely, and there is
much debate about the two being truly distinct clinical entities, although there is consensus
on the differences found in prognosis between them [40, 41]. Similarly, discordance between
radiographic and histologic findings is not uncommon, with an HRCT diagnosis of NSIP
lacking the sensitivity to exclude a UIP finding on biopsy [17, 41]. Other studies have found
that multiple interstitial pneumonia patterns can be found in the same lung, leading many to
believe that the distinction between NSIP and UIP is not dichotomous [42-45].

When evaluating RA-ILD, much of the literature describes it in the context of pulmonary
pathology seen in multiple connective tissue diseases (CTD) [46]. Earlier studies of CTD-
ILDs emphasized involvement in the context of scleroderma, dermatomyositis-polymyositis,
and Sjogren’s syndrome. In these cases, the predominant radiographic pattern was found to
be NSIP [1, 47-50]. In RA-ILD specifically, the predominant radiographic pattern was UIP,
followed by NSIP [30, 46], making RA cases unique among CTD-ILDs.

Multiple clinical studies have found UIP to be the predominant pattern in RA-ILD,
consisting of 19.6-65% of enrolled RA-ILD cases [15, 26, 29-32, 34, 35, 51, 52]. The UIP
pattern shared by many ILD pathologies is characterized by wide-spread bilateral fibrotic
changes in the pulmonary interstitium. Radiographic hallmarks on CT include heterogenous
honeycombing at the bases and periphery of the lungs, subpleural reticular opacities, and
architectural distortions indicative of fibrotic scarring [53] (Fig. 1B, Table 1). The
correlating histology findings for UIP include temporally spaced fibrotic lesions, fibroblastic
foci, interstitial fibrosis, and honeycomb changes with dilated airspaces and thickened
interstitial walls [53, 54] (Table 1).

In the context of RA-ILD, NSIP was found to be the second most predominant pattern,
making up 2.2-43.75% of RA-ILD cases [15, 26, 30-32, 34, 51, 52]. NSIP is traditionally
more inflammatory and less fibrotic in nature. Radiographic findings for NSIP include
bilateral ground-glass opacities with subpleural sparing, some reticular opacities, and a loss
of lower lung volume, with advancement to consolidation and possible honeycombing [53]
(Fig. 1A, Table 1). More specifically, NSIP can be further subcategorized into fibrotic and
cellular types. In fibrotic NSIP, the prognosis is similar to UIP, with a mixture of both
fibrotic interstitial thickening and inflammatory changes. Notably, analysis of the
bronchoalveolar lavage fluid (BALF) composition of UIP and fibrotic NSIP lungs found no
significant differences in composition with regards to both absolute and differential cell
counts [30, 55]. This suggests that fibrotic NSIP may be a variant of UIP, but there is no
literature to date that focuses on NSIP variants. Cellular NSIP, on the other hand, is
characterized as having an inflammatory cellular infiltration, leading to interstitial disease.
While both fibrotic and cellular NSIP types are found to have ground-glass opacities and
airspace consolidation on CT, a study by MacDonald et al [56] found that cellular NSIP had
“finer patterns of reticular abnormalities” with greater subpleural sparing compared to
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fibrotic NSIP [53] (Table 1). Between the two subtypes, cellular NSIP was also found to
have a better prognosis with a 90% 5-year survival rate compared to 45-90% 5-year survival
rate in fibrotic NSIP [57, 58]. This becomes important with regard to the implications of
clinically classifying ILD subtypes, especially because the data correlating HRCT patterns
and prognosis is variable across different studies [58—60]. Interestingly, in a study by Akira
et al, a series of CT scans was used to evaluate 29 patients with suspected pulmonary
pathology to correlate specific imaging findings (ex. reticulation, consolidation) with
prognosis, resulting in significant prognostic ability for RA-ILD [61]. It was found that
reticulation and/or honeycombing (the two most consistent with UIP) were the greatest
prognostic indicators for progressive and terminal disease. Other studies have similarly
agreed, specifically in RA-ILD, that a UIP diagnosis leads to a marginally worse survival
prognosis as compared to NSIP [62].

It should be noted that while the patterns found in non-RA related ILD have been well
documented, there have been few studies that focus specifically on the clinical presentation
of RA-related cases. In non-RA ILD, there is extensive data which correlate radiographic
patterns to specific histologic patterns (although, as mentioned before, the patterns are not as
exclusive as to make them truly distinct in all cases). On the other hand, there is sparse
literature that confirms the histologic and radiographic correlates in RA-ILD. As previously
mentioned, clinical RA-ILD studies were predominantly imaging-based [28, 34, 35, 61, 63,
64]. More recently, attempts have been made to address this question, and potentially shed
some light on the relationship between imaging and histopathology in RAILD. In a study
done by Lee et al, the histopathologic patterns for 18 RA-ILD cases were analyzed and
found to be well correlated to the associated findings on CT for the predicted ILD subtype
[30]. Of those 18 cases, 10 were found to be UIP, 6 were found to be NSIP, and 2 others
were classified as organizing pneumonia based on histopathologic diagnosis. Only one case
of histologic UIP was found to conflict with the CT findings of ground-glass and reticular
opacities. A study done by Tanaka et al was similarly focused on CT evaluation of pathology
[64]. Of the 63 patients assessed for the study, 17 of them also underwent biopsy.
Histopathologic analysis was found to correlate closely with CT patterns, with the exception
of 4 patients, 2 of whom were initially characterized as having UIP on CT and recategorized
as NSIP on histologic evaluation. However, Tanaka et al did note the overlap of UIP and
NSIP CT patterns, a feature that was expounded on by the Yunt et al study described earlier
relating CT patterns to mortality rates [28]. Notably, the Kim et al study failed to find
differences between the indeterminate group and the other 2 groups, although the criteria
which were used for classifying the CT scans was slightly different between the studies
[28,35].

There are also studies that found conflicting evidence connecting CT and histology. Kim et
al assessed 18 ILD patients that had histopathologic data available [35]. They observed that
2 had been defined as “definite UIP”, 9 as “likely NSIP”, and 7 as “indeterminate” via
HRCT image analysis. However, of the 9 “likely NSIP”’s, only 2 were confirmed by
histopathology to be NSIP, with 5 defined as UIP, 1 as organizing pneumonia (with little
evidence of an underlying ILD), and 1 as indeterminate. Furthermore, neither of the
“definite UIP” HRCT patterns were found to be UIP upon histologic examination, with 1
indeterminate and 1 necrotizing pneumonia pattern. Interestingly, the “indeterminate” HRCT
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patterns were mostly found to be UIP (n=5), with the remaining 2 being defined as NSIP and
diffuse alveolar damage. The authors determined that in cases of non-UIP HRCT patterns,
histopathology data was not as easily predicted as would be believed from the previously
cited studies. The small number of “definite UIP” patients (n=2) did not allow for a
comprehensive evaluation between HRCT and histopathology, yet suggests further need for
correlative data between the two. It should be noted that the authors attributed these results
to a certain amount of selection bias based on how the samples were collected.

Another study by Assayag et al aimed to determine the accuracy of CT analysis in
identifying UIP histopathology, specifically in the context of RA-ILD [51]. A total of 69
patients were independently evaluated via radiology and lung histopathology. CT patterns
were defined as either “definite UIP”, “possible UIP”, or “inconsistent with UIP”. “Definite
UIP” was defined as a subpleural and basal predominance of reticular abnormalities, with
honeycombing, and without extensive ground-glass opacities, nodules, cysts, air trapping, or
segmented consolidation. While 61% of patients were found to have a histopathologic UIP
pattern, only 29% had a “definite UIP” pattern on CT. This makes for a 96% specificity of
CT UIP patterns, with 45% sensitivity [51]. A similar study on RAILD NSIP found that
those diagnosed with NSIP histopathology could be found to lack honey-combing on
radiography, along with a predominance of ground-glass opacities [52]. Based on the above
data, it appears that use of CT imaging in diagnosing RA-ILD may be informative to some
degree, but it may not necessarily correlate with the underlying histopathology. It may
therefore be necessary to use more invasive procedures, including lung biopsy, to more
accurately diagnose RA-ILD subtype. The use of lung biopsy, however, should be weighed
against its risks, including potential exacerbation of lung disease.

4. Efficacy of Standard of Care RA Therapies on ILD Histopathology

One of the most challenging aspects of RA-ILD has been the effects of the therapeutic
management of arthritis on the lung disease. Specifically, the use of disease modifying anti-
rheumatic drugs (DMARDSs) and biologic therapeutics has not consistently shown
amelioration of lung inflammation. Given that one of the theories on pathogenesis of lung
disease in the setting of chronic joint inflammation has been that tumor necrosis factor
(TNF) plays a primary pathogenic role, the expectation would be that anti-TNF therapies
would improve lung disease. On the contrary, multiple studies have suggested that
conventional DMARDs such as methotrexate, and biologics such as anti-TNF therapy, may
exacerbate lung disease [65-69], while some have suggested no effect of RA treatment on
lung disease [35, 70]. Immunosuppressive therapies such as cyclophosphamide and
mycophenolate mofetil are used in other connective tissue disease associated ILD [71-73];
however, these medications are not standard of care in RA, and therefore are not discussed in
detail here. Other therapies for RA-ILD aside from the aforementioned immune suppressive
medications include high dose (ie “pulse”) steroid therapy [74] and conventional synthetic
DMARD:s [75]. However, there are no publications to date describing histological changes
using these therapies in patients with RA-ILD. Lastly, in the differential of lung
inflammation in RA, there should be a high suspicion of infectious etiologies, including
bacterial, fungal, and mycobacterial [76—78], as most immune modulating therapies can
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predispose to infectious pneumonia, thus making the diagnosis of RA-ILD more
challenging.

In general, there have been few reports describing lung histology in the setting of treatment
therapy. However, we can gain some information from studies focusing on drug-induced
lung disease. One of the largest cohorts for such a study was collected in the late 1990s,
which assessed histopathologic features of lung parenchyma in the setting of methotrexate
injury in RA patients [79]. Pathologists reviewed lung tissue of 29 patients treated with
methotrexate. They classified tissue as ILD when there was “dense fibrosis and
honeycombed architecture... and lymphoid infiltrates.” versus methotrexate injury as “type
I pneumocyte hyperplasia and fibroblastic proliferation.”. There was no characterization of
the subtypes of ILD. Based on their criteria, 27 of the 29 tissue specimens were definite
methotrexate lung injury, and two were probable. They noted that it was very difficult at
times to differentiate between ILD and methotrexate induced lung injury, as the histological
criteria for ILD was not well-established. Unfortunately, there has been no follow up study
in the two decades since publication, and the issue of drug induced lung injury versus
disease induced injury remains an open question. Overall, it is unclear whether there is a
definitive worsening of ILD in RA patients [70, 80] when treated with methotrexate so use
of this therapy should be judicious.

Histopathological data in the setting of biological therapies is likewise not well reported in
the literature, in part due to the reliance on imaging via HRCT for diagnosis of RA-ILD.
One of the more recent retrospective studies examined 122 cases of either ILD onset or
exacerbation after biological therapy was initiated [67]. Only 20 cases described histology
categorized by ILD subtype, with the most predominant being UIP (7 cases) or NSIP (7
cases). No further histological description was given, and it was unclear whether any of the
20 cases diagnosed as ILD were present prior to biological therapy onset. Additionally, some
of the cases likely included concomitant use of DMARDSs including methotrexate, but this
was not identified. Likewise, rituximab, a second-line RA biologic targeting B cells, has
been used as a disease modulator in RA-ILD [81]. A recent study by Yusof et al described
overall improvement or stabilization of ILD in patients with RA post-rituximab therapy
(68% of 44 patients studied retrospectively) [82]. However, this conclusion was based on
PFT data and HRCT imaging and no patients had biopsies to evaluate what type of
histological change was brought about with B cell targeting therapy. There have been some
limited studies on other biologics including abatacept, a selective T-cell costimulation
blocker, showing possible response in patients with RA-ILD [83, 84]. To date, there is no
literature on whether or how the use of DMARD:S or biological agents may alter the
histopathology of ILD in RA. More specifically, it remains unknown as to whether or not
standard of care RA therapy alters underlying lung inflammation. Interestingly, however, in
systemic juvenile idiopathic arthritis, a recent retrospective evaluation of patients treated
with IL-1 blockade has suggested a possible increase in ILD and pulmonary hypertension
[85].
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5. Animal Models of RA-ILD

There are multiple animal models of RA that have been generated to replicate joint
pathology [86], but very few have demonstrated pulmonary pathology as an extra-articular
manifestation of disease. As of now, there are three main arthritic models which contain lung
pathology for the study of RA-ILD; the SKG model, the adjuvant arthritis (AA) model, and
the TNF-transgenic (TNF-Tg) model.

The first arthritis model found to manifest lung pathology was the SKG murine model,
which contains a point-mutation in the ZAP70 gene, causing a deficiency in thymic selection
[87]. This mutation ultimately leads to the production of autoreactive CD4* T cells, resulting
in a chronic autoimmune arthritis similar to RA [87, 88]. In 2012, Keith et al described a
mixed cellular and fibrotic pulmonary pathology in the SKG model [89]. SKG-ILD is highly
capricious and heterogeneous in nature, demonstrating a large range of disease severity
between animals and unpredictable inflammatory and fibrotic pathology. The inflammatory
pathology is described as localized to the pleura and perivascular spaces, composed of
macrophages, neutrophils, and lymphocytes. Further characterization found these cells to be
Th17 cells, CD4*GM-CSF™* T cells, and CD11b*Gr1* cells, with GM-CSF mediating a
significant amount of disease burden through immune cell infiltration and induced cytokine
production [90]. Further studies defined the CD11b+Gr19im cells as immature tolerogenic
dendritic-like cells, which act to suppress T cell proliferation and inhibit ILD progression
[91]. Fibrotic change was also present, as confirmed by decreased static compliance and
elevated hydroxyproline levels [89, 90]. Based on histopathologic analysis, the SKG-1LD
most closely resembles an NSIP pattern of pathology.

The AA is an inducible T-cell mediated autoimmune arthritis model, in which rats are
intradermally injected in either the tail vein or paw with complete Freud’s adjuvant (CFA)
and mycobacterium antigen, or with a synthetic adjuvant propanediamine (N,N-
dioctyldecyl-N’, N-bis(2-hydroxy-ethyl)) [92]. These injections result in both chronic and
acute manifestations of arthritis, with polyarticular inflammation, bone loss, cartilage
destruction, and periosteal bone growth over the course of 10-15 days [93]. Since only
certain strains are susceptible to AA induction, this model has been utilized for determining
genetic predisposition towards autoimmune arthritis [94]. However, Song et al described
fibrotic and inflammatory pulmonary pathology in the AA model [95]. At 21 days post-CFA
injection, they noted significant infiltration into alveolar spaces, composed of granulocytes,
lymphocytes, and macrophages, although no formal characterization analysis was done on
the infiltrating cells. Alveolar wall thickening and collagen deposition were also noted at
days 21 and 28. It should be noted that dysregulation of regulatory T cells (Treg) has
previously been connected to reduced pulmonary function in AA rats, although formal
pathologic evaluation was not done on the lung [96, 97]. Thus, AA also appears to induce
NSIP, although further characterization of the AA-ILD lung is still required to formally
determine the histopathologic subtype pattern in this model. One point to note is that a
similar, less reliable, pulmonary inflammation was noted in the collagen-induced arthritis
model in which mice are immunized with collagen Il in CFA. It was found that the
pulmonary pathology of this model was completely dependent on the CFA component of the
immunization, while the lack of collagen Il decreased the efficiency of arthritis induction in
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these mice, suggesting a mechanism dependent on a generalized inflammation for
pulmonary pathogenesis [98].

A third animal model of RA that demonstrates a RA-ILD-like disease state are TNF
transgenic (Tg) mice, which systemically overexpress chronically low levels of TNF-a over
the life of the animal [99]. This model exists as several distinct genetic lines, each containing
variable amounts of the human TNF-a gene (hnTNF). RA-ILD-like pathology was
specifically found in the 3647 line [100], which presents with an inflammatory-erosive
arthritis at 2 months of age [101], initially in the ankle, and then proceeds to the wrists and
larger joints [102]. Disease continuously progresses, eventually resulting in symmetric
polyarthritis with synovial hyperplasia, inflammatory synovial infiltrate, pannus formation,
articular cartilage destruction, subchondral bone erosion, and dislocation of the metacarpal
and tibia-talus joints [99]. Of note, Shelef et al found autoantibodies against native and
citrullinated antigens in this model, with the loss of peptidylarginine deiminase 4 (PADA4)
leading to a decrease in total serum IgG levels and reduced inflammation [103]. While lung
pathology had been previously observed in the surfactant protein-C/TNF-transgenic mouse
[104, 105], Shelef and colleagues have shown that systemic TNFTg mice also develop ILD,
presenting with a perivascular and interstitial inflammatory infiltration, and subsequent
destructive vasculitis [100]. Thus, it is noteworthy that while further characterization of lung
histopathology is warranted, it appears that all known models of RA-ILD closely resemble
cellular NSIP with limited evidence of fibrosis.

6. Current Theories of RA-ILD Pathogenesis and Reconciling NSIP and

uIP

A plethora of evidence exists that supports the idea of both environmental and genetic
factors playing crucial roles in the induction and persistence of RA pathology [106]. Many
studies have correlated specific high-risk genes (e.g. human leukocyte antigen (HLA)-
DRB1, MUC5B) and environmental insults (e.g. smoking) to the diagnosis of RA, along
with several comorbidities [8, 59, 107, 108]. These observations support the idea that both
genetic and environmental factors collaborate to establish RA.

Individually, both components have been noted to play a role in the pathogenesis of RA
through extensive research. The most widely known genetic contributor to RA, HLADRB1,
has long been cited as an independent risk factor for RA [109], and more recently as a factor
associated with fibrotic RA-ILD [110, 111]. Together as a synergistic effect between
environmental and genetic factors, it has also been known that for ACPA-positive RA,
smoking and HLA-DR genes interact to create a 21-fold increased risk for RA development
[112]. More specifically for RA-ILD, many researchers have noted the similarities between
the UIP RAILD cases and isolated pulmonary fibrosis. Researchers have hypothesized,
given the similarities in disease, that RA-ILD and idiopathic pulmonary fibrosis (IPF) share
risk factors leading to similar pathogeneses between the two diseases.

Juge, et al have found a remarkable association between the UIP pattern of RA-ILD and the
gain-of-function promoter, MUC5B. MUC5B, known to be the strongest genetic risk factor
for the development of IPF, encodes mucin 5B and has been estimated to account for ~30%
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of risk for developing IPF [113-121]. In a retrospective study, Juge et al found that patients
with RA-UIP had a significantly higher odds ratio associating MUC5B expression with
overall RA-ILD as opposed to RA patients with no lung pathology (OR 6.1, 95% CI 2.9-
13.1), and more specifically with the UIP pattern as opposed to the non-UIP phenotype of
lung disease (OR 2.9, 95% CI 1.7-4.8). Notably, there was no correlation found between
smoking status and the MUC5B promoter [108]. Researchers have also found other genetic
markers which similarly correlate with predisposition to these two diseases [122].

The epidemiologic association between pulmonary pathology and RA has strong
implications, especially when taken into context with regards to the total incidences of RA
and ILD individually, as ILD disproportionately affects RA patients compared to the general
population [14, 15]. Together, this correlation suggests that while the pathogenesis of RA-
ILD remains poorly defined, there appears to be a connection between the pulmonary and
articular pathologies.

One of the more intriguing theories in the field postulates that the lung, as an active immune
site protecting against environmental exacerbations, acts as the initial site of injury in RA
[123]. Smoking, as a quintessential respiratory insult, is thought to facilitate this pathogenic
process, as it has been implicated in the citrullination of proteins in a process of pulmonary
insult independent of RA status or development [124, 125].

Based on the current knowledge of the effects of smoking on pulmonary issue, it is thought
that an external insult delivered via the respiratory system catalyzes the citrullination of
proteins in the lung, leading to the production of anti-citrullinated protein antibodies
(ACPAs), and subsequent systemic inflammation leading to the articular manifestations of
RA [112, 126]. Given that ACPAs are present in the majority of RA patients [127], it is
believed that citrullination of endogenous proteins in both the lung [128, 129] and synovial
tissue [130, 131] is a key factor that initiates the breakdown of autoimmune tolerance in RA.
This theory is supported by the vast body of literature correlating both smoking history [26,
29, 31, 33, 34, 132] and seropositivity [29, 31, 34, 132] as predictive risk factors for RA-ILD
morbidity and mortality, and the known interaction between cigarette smoke and genetic
factors [133]. This argument is further strengthened by the body of work directly connecting
smoking to ACPA production in genetically predisposed individuals with early RA [129,
134-139]. It should be noted that smoking has also been correlated to the diagnosis of RA
[112, 140-143] independent of ILD, which implicates an important role of lung tissue-
specific immune tolerance breakdown. A role for primary immunological alterations in the
lung during RAILD pathogenesis is further supported by studies demonstrating the
preferential development of ACPAs in bronchoalveolar lavage fluid (BALF) compared to
serum, with the presence of BALF ACPAs that are qualitatively different from ACPAS in
serum [144].

An alternative theory of RA-ILD is that the condition exists as distinct pulmonary and
articular pathologies. This idea has been supported by data acquired from recent animal
models. In contrast to the conventional theory of pulmonary inflammation and citrullination
leading to autoantibody production and arthritis, evidence from multiple studies shows that
localized lung injury via TNF-a fails to induce arthritic pathology [100, 104, 105]. These
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studies, which utilized a TNF-a transgene under a surfactant promoter to induce lung
disease, failed to find arthritic pathology. These findings also corroborate data from SKG
mouse studies, which similarly failed to induce arthritic change with localized pulmonary
injury [89]. While overexpression of TNF-a in lung tissue alone failed to induce arthritis, it
should be noted that a direct comparison between lung pathologies in the systemic TNF-a
and localized TNF-a. models has yet to be made. Additionally, these mice models do not
replicate all clinical cases, as some patients present with pulmonary disease and/or ACPA
positivity prior to onset of articular disease. While the manifestation of lung-dominant CTD
is a noted clinical phenomenon, the interpretation of autoantibody screenings in idiopathic
lung disease is still under debate [145].

Based on the confounding results from clinical studies, and the new information provided
from the murine models, we propose an alternative theory to explain the development and
progression of RA-ILD (Fig. 2). Given that localized pulmonary injury does not induce
arthritic pathology, while models of chronic inflammatory arthritis have ILD, we propose a
two-step process, in which chronic inflammation (either systemic or local in nature) directly
initiates lung injury. In this model, inflammatory cytokines, such as interferon-gamma (IFN-
7v) and TNF-a, affect the lung and induce an upregulation of adhesion molecules (e.g. P-
selectin, E-selectin, and ICAM-1), on pulmonary vascular endothelial cells. These
inflammatory signals, in turn, lead to the recruitment and extravasation of circulating
monocytes/macrophages, while the cytokines themselves directly activate tissue-resident
macrophages and other local immune populations. Macrophages would continue induction
of inflammatory molecules and upregulation of complement activation. This activation and
recruitment would then lead to cellular accumulation and follicle formation resembling
cellular NSIP. At this point, while the system is primed with an abundance of inflammatory
cells, external environmental component(s) can trigger antigen (i.e. citrullinated peptides)
presentation by macrophages and dendritic cells, leading to the activation of the secondary
(adaptive) immune response. This response would not only involve the continuous activation
of accumulated macrophages, but also the activation of both T cell and B cell populations.
Given the damage done to pulmonary tissue, the production of ACPAs would follow. The
second wave of inflammation would also trigger a release of factors such as TGF-B, which
in turn would activate fibroblasts, leading to collagen deposition and subsequent fibrosis in
the lung. It is at this point that the lung transitions to an irreversible fibrotic lung disease,
such as UIP. In this theory, we therefore suggest that an inflammatory state is a necessary
precursor towards the development of later fibrotic pathology, and that aggressive-early
treatment of “NSIP-like” pathology could prevent development of the more irreversible
fibrotic-predominant disease.

This idea of lung pathology evolution from NSIP to UIP has been discussed extensively
through the pulmonology community for many years, and is still a point of controversy.
While inflammation is certainly a component to the development and persistence of fibrotic
disease, there are cases of inflammatory disease which do not progress to fibrosis, and
likewise cases of fibrosis in which a preceding inflammatory component was not identified.
This combined with the non-exclusivity of histologic patterns within the same lung [45]
makes this chicken-and-egg conundrum a challenge to resolve.
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7. CONCLUSION

In conclusion, we find that the extensive literature on RA-ILD is conflicted about the nature
of NSIP and UIP, based on inconsistencies and variabilities in clinical radiology and
histopathology studies. Moreover, the absence of natural history studies and effective
interventions for RAILD limits our knowledge of its etiology and ability to treat its severe
morbidity and mortality. As critical information is challenging to obtain from clinical
studies, the field is focusing on animal models, which appear to be leading to a new
understanding of ILD pathology secondary to chronic-systemic inflammation. However, as
these models have inconsistencies with RA-ILD, most notably the absence of fibrosis and
UIP features, future studies should be directed on assessing parallels with NSIP, and
determining whether UIP is a continuum of NSIP, which may go largely undetected in the
early stages of RA-ILD.
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Figure 1:
Representative high-resolution CT images of rheumatoid arthritis (RA) associated interstitial

lung disease. A: Nonspecific usual interstitial pneumonia (NSIP) with ground glass opacities
(red arrow in A). This patient was diagnosed with RA three years prior to the CT image. B:
Usual interstitial pneumonia (UIP), characterized by reticular opacities (green long arrow)
and honeycombing (green short arrow). This patient was diagnosed with RA 10 years prior
to the CT image.
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Figure 2: Theory of progressive |LD development.
Systemic inflammation leads to the production of inflammatory cytokines, such as TNF-a

and INF-y. These factors circulate and act on the lung, where they induce the upregulation
of several adhesion factors, such as P and E selectin, and ICAM-1. These ultimately lead to
the recruitment and extravasation of circulating monocytes/macrophages, while the
cytokines continue to activate tissue-resident inflammatory cells such as alveolar
macrophages. With the activation of the local environment, the tissue is primed for
exacerbation by an external antigen, such as cigarette smoke. Once there is antigen
presentation, a secondary immune response is activated, leading to the recruitment and
activation of T and B cells, thereby resulting in ACPA production. Antigen-presentation and
activation of the macrophage and DC populations can also induce the expression of TGF-§,
which activates local fibroblasts and leads to collagen deposition, resulting in fibrosis.
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