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Abstract

Introduction—Drug-metabolizing enzymes (DMES) are primarily down-regulated during
infectious and inflammatory diseases, leading to disruption in the metabolism of small molecule
drugs (SMDs), which are increasingly being prescribed therapeutically in combination with
biologics for a number of chronic diseases. The biologics may exert pro- or anti-inflammatory
effect, which may in turn affect the expression/activity of DMEs. Thus, patients with infectious/
inflammatory diseases undergoing biologic/SMD treatment can have complex changes in DMEs
due to combined effects of the disease and treatment.

Areas covered—We will discuss clinical biologics-SMD interaction and regulation of DMEs
during infection and inflammatory diseases. Mechanistic studies will be discussed and
consequences on biologic-small molecule combination therapy on disease outcome due to changes
in drug metabolism will be highlighted.

Expert opinion—The involvement of immunomodulatory mediators in biologic-SMDs is well
known. Regulatory guidelines recommend appropriate /n7 vitro or in vivo assessments for possible
interactions. The role of cytokines in biologic-SMDs has been documented. However, the
mechanisms of drug-drug interactions is much more complex, and is probably multi-factorial.
Studies aimed at understanding the mechanism by which biologics effect the DMEs during
inflammation/infection are clinically important.
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1. Introduction

Drug metabolism is known to be disrupted during infectious and inflammatory disease
primarily due to down-regulation of the drug metabolizing enzymes (DMES) at
transcriptional/post-transcriptional level. Post-translational modifications of the DMEs are
also reported to cause reductions in the DME activity, leading to impaired drug metabolism.
Altered drug metabolism can lead to adverse drug reactions and drug-drug interactions in
patients with infectious and inflammatory diseases.

In the recent decade, with the advent of newer sophisticated biotechnological methods,
biologics are being used therapeutically for a range of disorders, including cancer,
rheumatoid arthritis, gastro-enteric disorders, skin disorders, respiratory diseases, hormone
deficiency disorders and other infections. Evaluate Pharma showed that the total sales of
biologics in prescription and over the counter medicines grew from 12% in 2004 to 19% in
2011 and is estimated to reach 50% sales in 2020. [1]

Since combination therapies offer the potential for improved therapeutic effect, biologics are
combined with conventional small molecule drugs (SMDs) and/or with other biologics to
attain greater benefits. However, there is a downside to biologics co-treatment. The SMDs
undergo metabolism/clearance by DMEs and transporters. In patients with infectious and
inflammatory diseases, down-regulation of DMEs can contribute to accumulation of SMDs
in vivo due to their impaired metabolism and clearance (Fig. 1). Biologics given in
combination with the SMD interferes with the inflammatory pathways. Thus, treatment with
the biologic can further alter the expression and activity of the DMEs in these patients,
causing further alterations in SMD metabolism and clearance. The impact of biologic
treatment on DMEs and SMD metabolism will likely be dependent on the pro- or anti-
inflammatory properties of the biologic. Thus, in patients with infectious and inflammatory
diseases, biologic-drug interactions can impact the safety and effectiveness of the treatment.

This review will provide insights into the mechanism of regulation of DMEs and the
implications for biologic-small molecule drug interactions in patients with inflammatory and
infectious diseases.

2. Methodology of Search strategy

Potentially relevant literature until August, 2016 was identified by performing searches in
the following databases: Google Scholar, PubMed, FDA (Drug approvals and database).
Literature was searched independently by the authors and finally screened according to their
relevance to the topic undertaken in this review. Literature search was started using key
words including “biologics”, “FDA approved biologics”, “biologics for inflammation and
infection”, “regulation of drug metabolizing enzymes”. Thereafter, filters were used such as:
“biologics drug interactions”, “altered regulation of drug metabolizing enzymes (DMEs) and
transporters in infection & inflammation” and finally streamlined with drug interaction with
small molecule drugs (SMDs). Selection criteria mainly focused on clinically studies that
have reported effect of biologics on the pharmacokinetics/pharmacodynamics of SMDs,

followed by /n vivoand in vitro drug interaction studies with maximum weightage given to
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studies with emphasis on DMEs and transporters. Exclusion criteria included documents
such as comments, letters without an experimental study, meta-analyses, and editorials
despite being retrieved using the search terms.

3. Classification of biologics

U. S Food and Drug Administration (FDA) define biologics as “any virus, therapeutic
serum, toxin, antitoxin, or analogous product applicable to the prevention, treatment or cure
of diseases or injuries of human being”. The first-generation biologics were obtained from
humans or animals, such as human blood, insulin, TNF-a or influenza vaccine. Second-
generation biologics are complex proteins, manufactured using biotechnology and interact
with surface receptors of target cells. Third generation biologics target different epitopes and
are mostly designed for improved Fc-associated immune functions or half-life. For example,
humanized type Il CD20 antibody is less immunogenic than second generation monoclonal
antibodies and with its glyco-engineered Fc, has superior cytotoxicity [2].

Biologics are categorized according to their molecular structure and have also been
organized by Dimitrov et a/[3-5] based on their mode of action as follows: (a) substitution
of a defective/deficient protein, (b) modification of existing pathway, (c) offer novel
function/activity, (d) meddling with molecules and (e) carrier of other compounds or
proteins [5]. Benjamin et a/have grouped biologics according to their molecular types as
antibody-based drugs, Fc fusion proteins, anticoagulants, blood factors, bone morphogenetic
proteins, engineered protein scaffolds, enzymes, growth factors, hormones, interferons,
interleukins, and thrombolytics [6]. Among all categories of biologics, monoclonal
antibodies represent a predominant class of biologics and accounts about 50% of the sales

[3] (Fig. 2).

4. Differences between biologics and small molecule drugs

Biologics are manufactured using biological processes while the conventional SMDs are
synthesized chemically. Strict definition dictates that biologics has two critical traits;
produced from living systems and relatively large molecules composed of more than 1,300
amino acids and can be as heavy as 150,000 g/mol (or 150 kDa). In contrast, SMDs are low
molecular weight (<900 daltons) organic compounds that may help regulate a biological
process. Due to their large size, protein folding and lack of long-term stability, biologics
pose unique challenges for pharmacokinetic studies in comparison to SMDs (Table. 1) [6-
10].

5. Biologics-small molecule drug interactions

Combination therapies offer the potential for improved effectiveness, therefore to attain
greater benefits, biologics are combined with conventional small molecule drugs and/or with
other biologics. Until 2010, ~ 80 biologics were approved and very few biological license
applications (BLAS) had information about biologic-drug interactions from clinical studies
in the labelling [3]. Although later on many more biologics were approved by the FDA as
therapeutics (Fig. 2), still information on biologic-drug interactions remain limited (Fig. 3).
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Unlike SMDs, there are only a few reported DDI studies for biologics. Since biologics don’t
undergo hepatic metabolism via cytochrome P450s (CYP) enzymes or eliminated by biliary
excretion, it was perceived that biologics have very low propensity for DDIs. Therapeutic
monoclonal antibodies (mAbs), which are primarily used to treat moderate to severe and
chronic diseases, are often prescribed with more than one concomitant medication,
especially among geriatric patients. Therefore, potential DDIs with mAbs arise owing to the
multiple medications and polypharmacy situations [11, 12]. There are reports of
pharmacokinetics (PK) drug interaction studies with immunomodulators.

Immunomaodulators include both immunostimulator and immunosuppressor agents. To treat
immune-mediated conditions, the desired therapeutic effect is to reduce or control
inflammation. Over-production of pro-inflammatory cytokines is considered as underlying
cause of progression of many inflammatory diseases like Rheumatoid arthritis and Crohn
disease and also many infectious diseases including HIV, influenza H5N1 and malaria.
Biologics used to reduce inflammation can be placed in one of three groups depending on
their mechanism of action: (i) cytokine blockade, (ii) cell depletion and (iii) regulatory cell
surface receptor blockade [6]. For treatment of many infectious diseases like hepatitis B and
hepatitis C virus infection, immunostimulators capable of enhancing host defense are used to
provide protection against infection. Drug interactions with immunomodulators have been
reported for cytokines and antibodies (Table. 2) but hardly anything is known about DDIs of
Growth Factors [13], Enzymes & Fusion Proteins. Therefore, here we discuss some of the
interactions observed with cytokines and monoclonal antibodies.

5.1. Examples of cytokine-drug interactions

Over the last 20 years, successful development and clinical implementation of biologic
strategies has been seen with respect to key cytokines in specific inflammatory/infectious
diseases with efficacy, specificity, and toxicity profiles. The human body produces different
types of cytokines such as colony stimulating factors, growth and differentiation factors,
immunoregulatory and pro-inflammatory cytokines.

5.1.1. Interferons—Clinically, interferons are mainly used for the therapy of hepatitis
B/C, multiple sclerosis and cancer. Williams et a/. (1987) [15] reported that administration
of IFN-a. in chronic hepatitis B patients reduced the clearance of theophylline by 30-80%
[14]. Similarly, theophylline clearance was significantly reduced in hepatitis C patients after
IFN-p treatment, with a corresponding increase in terminal half-life by about 40% [22].
Serum theophylline concentrations were found to be significantly increased with a mean of
29.3 pg/mL (therapeutic range 10-20 pg/mL) in in children with influenza B outbreak [23,
24]. Additionally, IFN-a administration has also been shown to decrease erythromycin
metabolism in patients with hepatitis B (15%), as determined by erythromycin breath test
[25]. It has been reported that IFN-a.2 also inhibits the metabolism of antipyrine [26].
Presently, PEGylated interferons, made by addition of poly-ethylene glycol side chain to the
interferon, are being used in combination therapies for diseases such as hepatitis B and
hepatitis C. As mentioned in the Table. 2, clinically significant drug interaction studies with
PEGylated interferons have not been carried out to a large extent, however, studies have
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shown that its treatment was associated with increase in AUC of theophylline [27] and
methadone [16].

5.1.2. Interleukins—Interleukins (ILs) are cytokines mainly synthesized by T
lymphocytes, as well as monocytes, macrophages, and endothelial cells. In a clinical
therapeutic protein- drug interaction study in rheumatoid arthritis patients, sirukumab (anti-
IL-6 antibody) reduced the AUC of CYP probe substrates midazolam (CYP3A), omeprazole
(CYP2C19), warfarin (CYP2C9) while caffeine AUC was increased [28]. To date, no
clinical data have been published on the effect of IL-1 inhibitors on drugs that are substrate
of CYP enzymes.

5.2. Examples of antibody-drug interactions

In the clinic, monoclonal antibodies (mAbs) are proving to be safe and effective for the
treatment of a wide range of diseases including rheumatoid arthritis (RA), Crohn’s disease,
spondyloarthropathies, psoriasis and allograft rejection. The clinical success of anti-TNF-a
mAbs in human RA and psoriasis made these biologics as mainstream therapeutics. As of
2011, 35 mAbs have been approved by the FDA for use in humans. Table. 2 list some of the
mADbs that have been introduced for immunologic indication.

Schmitt et al. (2011), [29] reported that tocilizumab (Anti IL-6) administration increased
metabolism of simvastatin and thus reduced AUC in rheumatoid arthritis patients. Both
muromonab (CD3 receptor antibody) and basiliximab (IL-2 receptor antibody), when co-
administered with cyclosporine, increases its serum concentrations [18, 19]. In a case report,
adalimumab (TNF-a inhibitor) decreased serum levels of duloxetine [21]. In a Phase 1
pharmacokinetic study, co-administration of dalotuzumab (IGF-1 receptor antibody) with
irinotecan did not affect the AUC of the parent drug but reduced the Cp5x (from 16.8 to 13.0
ng/mL) and the AUCq_oap, (by 13 %) of SN-38, the active metabolite of irinotecan [30].
Necitumumab, an 1gG1 monoclonal antibody and an EFGR antagonist increased the
geometric mean dose-normalized AUC and Cmax of gemcitabine [17]. Although not
significant, trastuzumab (HER2 receptor antibody) lowered the Cmax of taxol in patients
with advanced breast cancer [20]. A recent study in 2016 by Lee et al shows that sarilumab
(which is a human monoclonal antibody blocking the IL-6-Ra) treatment resulted in
reduced exposure of simvastatin (which is a CYP3A4 substrate) in patients with rheumatoid
arthritis. This was attributed to the fact that sarilumab restores CYP3A4 activity, which
results in decreased exposure of it’s sensitive substrate simvastatin [92].

5.3. Examples of Growth Factors, Enzymes & Fusion Protein- drug interactions

Not much is known about DDIs of Growth Factors [13], Enzymes & Fusion Protein. (i)
Growth factors typically act as signaling molecules between cells, like cytokines and
hormones which bind to specific receptors on the surface of their target cells and belong to
different large families, including Epidermal growth factor (EGF), Granulocyte macrophage
colony-stimulating factor (GMCSF), Fibroblast growth factor (FGF) and others. (ii)
Enzymes as therapeutics are generally used for patients who lack certain enzymatic activities
due to genetic defects. Thrombolytic therapy has been used for treatment of acute
myocardial infarction, pulmonary embolism and various kinds of thrombosis. Several
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plasminogen activators (PA) have been developed to treat thrombotic diseases (Reteplase,
Tenecteplase, Alteplase etc). (iii) Fusion proteins have an immunoglobin Fc domain directly
linked to another peptide. Fc portions have powerful biological response and comprise both
activating and inhibitory effects. Fc domain markedly prolongs therapeutic activity by
increasing plasma half-life. Fc linked peptide partner has multiple function, as a ligand it
gets activated upon interaction with a cell-surface receptor or acts as a decoy to distinguish
binding partners assembled in a protein microarray. For these strong reasons, Fc-based
fusion proteins are of most interest in infectious and inflammatory diseases including RA
(abatacept) and psoriasis (alefacept).

6. Regulation of drug metabolizing enzymes during inflammation/infection:
potential mechanisms of biologics—small molecule drug interactions

Alterations in drug metabolism are hugely detrimental and will have a very high potential
for clinically relevant consequences if the parent drug is toxic and/or has a low safety
margin. Clinical instances have shown that drug metabolism is disrupted during different
pathophysiological conditions including diabetes, cancer, hepatitis, cirrhosis, endocrine
disorders and other infections and inflammation. In patients with infections and
inflammation, the expression and activity of the DMEs are primarily down-regulated due to
the inflammatory micro-environment /n vivo (Fig. 1). As SMDs undergo metabolism/
clearance by DMEs, their /n vivo concentration is higher in these patients, which may have
major implications on safety and efficacy of SMDs with narrow therapeutic window. In
1978, the first case of altered drug metabolism was observed, when patients with influenza
showed delayed theophylline elimination [31]. Further, the reduction in drug
biotransformation capacity was shown to be paralleled by a decrease in total CYP content
and CYP-associated enzyme activities. More recently, HIV infected patients demonstrated
18% lower hepatic CYP3A4 activity, 90% lower CYP2D6 activity and 53% lower N-
acetyltransferase 2 activity [32].

Patients with infectious and inflammatory diseases undergo treatments with a broad range of
therapeutic options involving SMDs and biologics individually or in combination. Almost all
biologic acts by targeting the inflammatory pathway, therefore treatment with the biologic
can alter the expression and activity of the DMEs in these patients and have potential
implications for biologic-SMD interactions. For e.g., in patients treated with anti-
inflammatory agents can reverse the effect of disease-associated inflammation on DMEs
(Fig. 4). As this area of research is still growing, limited information is available on effect of
biologics on SMDs.

Mechanisms for biologic-SMD interactions are still poorly or partially understood, and these
mechanisms are likely to be very complex. DDIs between two SMDs are different from that
of biologics-SMDs primarily due to the differences in the clearance mechanisms of for
SMDs and biologics. Like SMDs, clearance mechanisms for biologics don’t involve hepatic
metabolism and/or biliary excretion. Therefore, biologics are unlikely to affect the hepatic or
biliary elimination of SMDs by direct interactions with the SMDs. In biologics-SMDs
interaction, there are three important elements: a perpetrator (biologics or SMD), a victim
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(biologics or SMD), and a mediator (disease state, immunogenicity, or target physiology).
So far, observed effect of biologics on SMDs are indirect through modulation of cytokines.
Biologics as immunostimulators will induce an overproduced state of cytokines during
inflammatory conditions that will favor further negative regulation of DMEs and reduce
metabolism of SMDs. In contrast, biologics that are immunosuppressors can restore/reverse
cytokine-mediated suppression of DMEs in inflammatory diseases resulting in a
“normalization” of DMESs activities. Such disease—drug interaction may result in risk of
therapeutic failure, due to increased clearance of drugs metabolized by DMEs (Fig. 4).

The main mechanisms involved in alteration of hepatic DMEs in infectious and
inflammatory states include the effect of inflammatory cytokines, oxidative stress,
transcriptional regulation, post-transcriptional regulation, nitric oxide and protein
phosphorylations.

6.1. Role of Cytokines

Majority of the studies on DMEs in infections and inflammation have focused on the
alterations in CYP enzymes and in most cases, cytokines are mainly involved as mediators
of gene expression of these CYP isoforms [33]. Pro-inflammatory cytokines are elevated in
infectious/inflammatory diseases which upregulates transcription factors (as discussed
below), ultimately leading to down regulated CYP enzymes. Similarly, during treatment
with biologics for various cancers, infections and inflammatory disorders, cytokines are
usually elevated, which may be responsible for down-regulation of CYP enzymes in a
similar manner. Cytokines are released from immune cells and play an important role in cell
signaling. Pro-inflammatory cytokines i.e. which promote systemic inflammation such as
IL-1, IL-1 B, IL-4, IL-6, TNF-a, IFN-a, -B and -y, transforming growth factor-b1, human
hepatocyte growth factor, and lymphotoxin down-regulate major CYP enzymes with the
specific effects on mMRNA levels, protein expression, and enzyme activity. However, the
extent to which each cytokine alters the expression of a subset of a CYP family may vary
and sometimes these repressive effects of cytokines may be additive [34]. Studies employing
cytokine or cytokine receptor knockouts have been carried out to better understand the role
of cytokines in regulation of DMEs. For example, knock down of IL6, IL-1p genes had no
effect on the downregulation of several CYP enzymes after treatment with the gram-negative
bacterial endotoxin, lipopolysaccharide (LPS) [35, 36]. This suggests that there might be
functional redundancy of various cytokines released during LPS-induced inflammation.
Following are few studies that indicate involvement of cytokines in alteration of DMEs
during infections and inflammation with focus on CYP enzymes.

Clinically, administration of IFN-a in chronic hepatitis B patients and during influenza,
reduced the clearance and increased the concentration of CYP1AZ2 substrate, theophylline
[15, 23]. Likewise, in healthy volunteers, PEG-IFN alfa-2a increased the AUC.co Of
theophylline that paralleled with reduction in its clearance [27]. /n vitro, interferon-a was
found to down-regulate CYP1A2 gene, which probably explains the decreased theophylline
clearance by interferon. In human primary hepatocytes, IL-6 down-regulated gene
expression of CYP2C8, CYP3A4 and CYP2C9and anti-IL-6 monoclonal antibody partially
blocked the IL6-mediated suppression of CYP3A4 and CYP1AZ2 activities [37]. Therefore,
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it’s supposed that DDIs observed between sirukumab (anti-IL-6 antibody) and CYP probe
substrates, may be due to reversed effect of sirukumab on IL-6 mediated suppression of
CYP3A, CYP2C9 and CYP2C19 activities in rheumatoid arthritis patients [28]. Involvement
of altered drug metabolism is suspected in increased cyclosporine serum concentrations by
both muromonab-CD3 and basiliximab [18, 19]. Muromonab-CD3 releases cytokines such
as TNF-a, interferon, and IL-2 [38]. IL-2 can suppress CYP3A activity which may explain
the muromonab-CD3-cyclosporine interaction. Basiliximab is an immunosuppressive agent,
it binds to the I1L-2 receptor (IL-2R) on activated T cells and blocks IL-2 signaling [39]. It’s
hypothesized that basiliximab displaces IL-2 which in turn alters CYP3A expression/activity
[19]. Similarly, since TNF-a suppresses expression and activity of CYP enzymes, (including
CYP3A), it is suggested that increased clearance of duloxetine by adalimumab, a TNF
blocker, may be due to normalization of CYP activity.

6.2. Role of Toll like Receptors

In infection and inflammation, innate immune system is activated via pattern recognition
receptors such as toll-like receptors (TLR) or nucleotide-binding oligomerization-domain
protein (NOD) families. TLRs are present on the cell surface of various immune cells (the
resident macrophages or Kupffer cells) as well as the hepatocytes. Similar to TLRs, NOD
like receptors are expressed by antigen presenting cells and epithelial cells. They are
composed of NOD1, NOD2 and NOD like family receptor proteins, NLRP3/NLRP4 etc.
which recognize exogenous stimuli- pathogen associated molecular patterns (PAMPs) and
endogenous signals of stress-danger associated molecular patterns (DAMPS) [40, 41]. Out of
the 13 TLRs identified in mammals, TLR4 is activated by the bacterial gram-negative
component, LPS, and TLR2 is activated by the bacterial gram-positive component,
lipoteichoic acid (LTA) [41, 42]. Upon binding of TLR4 to LPS, adapter proteins such as
myeloid differentiation factor 88 (MyD88), MyD88 adaptor-like protein (Mal, also known as
TIRAP), TIR-containing adapter molecule (TRIF), and TRIF-related adapter molecule
(TRAM) are activated. Downstream events in the activation of the MyD88- dependent
pathway by LPS, leads to further activation of pro-inflammatory cytokines, NF-xB &
MAPK pathways, which have been associated with down regulation of DMEs [43]. It was
seen that down-regulation of Cyp3all in LPS-sensitive TLR4 wild type (TLR4-wt)
(C3HeB/FeJ) mice could not be detected in TLR4-mutant (C3H/HeJ) mice, emphasizing the
role of TLR4 [44]. In fact, down-regulation of gene expression of key hepatic phase | and
phase Il DMEs in TLR2*/* mice by LTA was also blocked in TLR2~/~ mice. Interestingly,
our laboratory has shown that LPS or LTA can also directly down-regulate CYPs in primary
mouse hepatocytes, independent of cytokines. TLR-mediated signaling is initiated by the
down-stream adaptor protein, Toll-interleukin 1 receptor domain containing adaptor protein
(TIRAP) and we showed that TIRAP was involved only in TLR2-mediated regulation of
DME and transporter genes, and not by TLR4 [44]. Similarly, muramyl dipeptide (MDP) is
a well-known NOD receptor ligand which either alone or in combination with TLR’s leads
to activation of Kupffer cells and thereby pro-inflammatory cytokines [45]. However, a study
conducted by Zidek et a/ demonstrated that MDP had no effect on the in vitro activity of
both rat liver microsomal enzymes studied and similarly, no change was produced in specific
rat cytochrome P-450 and b5 content [46].
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6.3. Role of transcription factors and nuclear receptors

Transcription factors such as NF-xB, nuclear factor erythroid 2—related factor 2 (Nrf2),
mitogen activated protein kinase (MAPK), c-Jun-N-terminal kinase (JNK), CCAAT
enhancer binding protein, C/EBP etc. are also known to play a significant role in down-
regulation of DMEs. It was observed that upon administration of LPS to mice, the mRNA
levels of C/EBP a decreased, whereas C/EBPP and y mRNAs increased [47]. Also,
expression of a truncated form of C/EBP lacking transactivation activity (LIP) is increased
in hepatocytes after treatment with LPS [48] or pro-inflammatory cytokines [49]. Martinez-
Jimenez et a/ [50] recently identified an enhancer site in the CYP3A4 gene, at which LAP
(Liver enriched activator protein) binds and activates transcription, while LIP antagonizes
LAP activity. Changes in the LAP:LIP ratio can influence the regulation of CYP3A4 by
other well-characterized mechanisms such as rifampicin induction. A study by Jover et a/
[51] showed that IL-6 caused a marked increase in the translation of C/EBPB-LIP. Recently,
it has been shown that different forms of C/EBPB were not significantly affected in rat liver
1 h after LPS injection and therefore changes in the LAP:LIP ratio are likely not involved in
the suppression of CYP3A2, 2C11, or 2E1 at this early time point [52].

NF-xB is a transcription factor that can either indirectly regulate CYP gene expression
through mutual repression between NF-xB and nuclear receptors, or can directly regulate
CYP gene expression through binding to NF-xB response element in the promoter region of
CYP genes. Interaction of NF-xB with nuclear receptors during pathophysiological
conditions can alter expression of DMEs. Cross talk between nuclear receptor pregnane X-
receptor (PXR) and NF-xB signaling pathways is believed to coordinately regulate hepatic
gene expression during inflammatory response [53]. It was shown that NF-xB disrupts the
binding of PXR:RXRa to its regulatory sites by inhibiting PXR-RXRa complex formation,
thus downregulating CYP450 gene expression in HepG2 cells [54].

As mentioned earlier, NF-xB can either bind directly to regulatory elements on genes or
affect the binding of other transcription factors such as nuclear receptors required for
optimum induction of drug metabolizing enzymes. Reductions in mRNA levels of nuclear
receptors such as PPARa, PXR, retinoid X receptor (RXR), and liver X receptor have been
reported in liver and intestine of rodents treated with LPS [55-57]. However, mRNA and
protein expression of several CYPs did not differ in PXR™~ or PPAR™~ mice treated with
LPS. We have also previously shown that RNA levels of CAR were suppressed ~60% by
LPS treatment of TLR4-wt mice, and this down-regulation was blocked in the TLR4-mutant
mice. PXR RNA levels were not changed by LPS treatment of either the TLR4-wt or mutant
mice and RXRa protein levels were significantly reduced in the nucleus of TLR4-wt mice,
whereas no such reduction was detected in the TLR4-mutant mice [44]. Aryl hydrocarbon
receptor (AhR), which is activated by polycyclic aromatic hydrocarbons such as dioxins, has
also been known to be involved in acute inflammatory response and regulates CYP enzymes
[58]. It has been shown recently that LPS administration leads to a significant reduction of
CYP1AL1 protein in the liver of AhR™~ mice compared to WT mice [59]. Apart from
regulating gene expression of drug metabolizing enzymes, PXR activation has also been
associated with suppression of inflammation and acute phase response by attenuating the
activity of NF-xB signaling [60]. Further studies revealed that post-translational
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modifications by small-ubiquitin-related modifier (SUMO) to PXR was required to suppress
hepatic acute phase response, specifically pro-inflammatory mediators (IL-1p, IL-6, and
TNFa) at the level of transcription [61]. It might be possible that other post-translational
modifications such as phosphorylation, acetylation of PXR may produce similar effects, but
the exact mechanism still needs to be determined.

Accumulation of reactive oxygen and nitrogen species generated by inflammatory cells
leads to activation of another transcription factor Nrf2. LPS and other Toll-like receptor
(TLR) agonists activate Nrf2 signaling and the activation is due to the reduction of Keap1,
the key Nrf2 inhibitor [62]. The effect of activated Nrf2 on CYP genes was minimal, with
only CypZa5, Cyp2c50, CypZc54, and CypZg1 increased, and Cyp2lul decreased. However,
Nrf2 increased mRNA of other phase-1 enzymes in mice, such as aldo-keto reductases,
carbonyl reductases, and phase-Il enzymes such as glutathione S-transferases, UDP-
glucuronosyltransferases, and UDP-glucuronic acid synthesis enzymes [63].

Pro-inflammatory cytokines/LPS/LTA are also known to activate mitogen-activated protein
kinases (MAPKS) in the liver [45, 64, 65] and these MAPKS such as c-Jun N-terminal kinase
(JNK), and extracellular signal activated kinase are involved in regulation of some DMEs
[66]. It has been shown that activation of JNK by LPS or IL-1 results in modification and
nuclear export of RXRa, and this may contribute to suppression of RXRa.-dependent
hepatic genes [57, 67]. Apart from RXRa., JINK also inhibits glucocorticoid receptor activity,
leading to suppression of CAR gene expression [68]. Furthermore, LPS mediated down-
regulation of DMEs was attenuated when primary mouse hepatocytes were treated with
specific JNK inhibitor (SP600125, 10uM) [69].

6.4. Role of miRNAs

The kinetics of mMRNA suppression suggest that inflammatory regulation may involve
destabilization or stabilization of mMRNA for some CYPs and this remains an under-studied
area. MicroRNAs affect the stability of MRNA post-transcriptionally, either by translational
repression or by mRNA degradation. MiRNAS are short RNAs (19-25 nucleotides) typically
involved in the downregulation of gene expression. MiRNASs are also believed to play a key
role in immune system development and regulation of innate immunity. In a study by Mi et
alin 2007, the expression of over 270 mouse miRNAs was analyzed in LPS-treated mouse
macrophage cell line RAW264.7. It was found that more than 25 miRNAs were
differentially regulated in LPS-treated RAW?264.7 cells compared to untreated cells,
including the up-regulation of miR-155, miR-132, miR-22, miR-342 and miR-146 genes in
LPS-treated cells and the down-regulation of miR-696, miR-805, miR-706, miR-710 and
miR-214 genes [70]. Although the exact roles of these mMiRNAs on DMES expression
remains to be determined, other miRNAS such as miR148a, miR27b etc., have been
implicated in the regulation of CYPs. miR27b, in particular, targets the 3’UTR of VDR and
CYP3A4 [71]. A recent study suggests that miR-27b may target RXRa. which is a necessary
component for PXR and VDR to form functional heterodimers which ultimately regulate
CYP3AA4 transcriptional expression [72]. Lamba et al. (2014) recently identified miR34a as
a strong predictor of mMRNA levels of CYP3A4, CYP2C19, and several hepatic transcription
factors (NR112, NR113, hepatocyte nuclear factor 4a)) [73]. MiR34a has also been
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implicated in regulation of Nrf2 [74]. Given the observed association of miRNAs with
expression levels of multiple CYPs and transcription factors (TFs) mediating inflammation,
its upregulation could potentially lead to repression of DME levels in patients having
infections and inflammation.

6.5. Role of oxidative stress

Pro-inflammatory cytokines induced during inflammation can also activate nitric-oxide
synthase 2 to form nitric oxide (NO) in macrophages and hepatocytes. Although, this NO
can lead to destabilization of DME protein structure, a large number of studies have now
shown that the downregulation CYP proteins and mMRNAs is not affected by deletion of the
nitric oxide synthase 2 (NOS2) gene or by inhibitors of NOS enzymes. Pharmacologically
derived NO is capable of inhibiting CYP2D6 reporter gene transcription by regulating the
activity of transcription factors HNF4 and NF«B. /n vitro studies show that IL-1p and TNF-
a-mediated down-regulation of CYP protein was NO dependent, but not IL-6 mediated
down-regulation [75].

7. Conclusion

The pharmacokinetics of co-administered SMDs can be altered by biologics. Interpretation
of biologics-SMDs interaction from /n vitro systems is difficult, so clinical cocktail studies
are commonly used. Cytokine or cytokine modulators can act on expression and activity of
DMEs. /n vitro system utilizes only the potential of biologics to modulate cytokines as
screening tool. Several different mechanisms can regulate DMEs during inflammation and
infection, which suggests strategic inclusion of these mechanisms, will enable prospective
prediction of biologics-SMDs interaction.

8. Expert Opinion

New therapeutic agents (SMDs and/or biologics) are being developed targeting
inflammatory pathways, transcription factors, nuclear receptors, etc. It is conceivable, that
the safety/efficacy of these agents can be compromised due to their impact on the regulation
of DMEs in the inflammatory microenvironment associated with diseases states in vivo.
Very few dedicated clinical DDIs studies between SMDs and biologics have been conducted
and so far potential DDI mechanism suggested, is the involvement of pro-inflammatory
cytokines. The critical weaknesses are the lack of understanding of the transcriptional/post-
transcriptional mechanism of down-regulation of DMES during inflammation/infection.
Also, there is limited ability to predict clinical biologic-SMD interaction based on animal
studies and/or /n vitro data.

Recently, TLR agonists and antagonists are being developed as potential treatment for a
broad array of diseases. For example, TLR9 agonist has shown substantial evidence of
antitumor activity in human clinical trials. TLR9 detect the unmethylated CpG dinucleotides
that are relatively common in bacterial and viral genomic DNAs [76]. HEPLISAV-B is
combination of TLR9 agonist and hepatitis B surface antigen to elicit an efficient immune
response after just two doses. It focuses the immune response to generate protective
antibodies rapidly resulting in faster protection. Role of TLRs has also been indicated in
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atherosclerosis [77, 78]. Activation of TLR2, TLR4 and TLR9 impacts atherosclerotic lesion
formation by contributing to foam cell formation via induced lipid uptake and disruption of
cholesterol efflux mechanisms [79-81]. In TLR2™~ and TLR4~/~ no lesion development
occurred, making them attractive targets for treating atherosclerosis [82, 83]. OPN-305,
monoclonal antibodies against TLR2 is being tested for the potential treatment of
inflammatory diseases [77]. Considering role of TLRs in downregulation of DMEs, it is very
much possible that TLR agonist will further downregulate DMEs that were already
suppressed during infectious disease. In contrast, TLR antagonists may rebound the DME
expression/activity to normal state that was initially altered due to inflammation. Thus,
biologics targeting TLRs may affect SMD concentration in patients with inflammatory/
infectious diseases.

Antibody-drug conjugates (ADCs) represent a modality of therapeutics in which antibodies
are empowered with small molecules to produce a more profound effect on target cells [89].
Heterogeneous nature of conventional ADCs has generally precluded their uses in diseases
outside of oncology. Recent progress in formulating very stable linkage, allows precise
attachment of a drug at an optimal site on an antibody. Such advancements in technology
show promise in development of ADCs for use in chronic diseases such as inflammation.
After administration, the ADCs get unconjugated and the small molecule drug once released
from ADCs may be metabolized by DMEs and subject to potential drug-drug interactions
from P450 inhibitors or inducers.

Recombinant human erythropoietin (Darbepoetin alfa), human keratinocyte growth factor
(KGF) (Palifermin), Granulocyte-macrophage colony stimulating factor receptor (GM-CSF-
R-alpha or CSF2R) (Sargramostim) are biologics used for the treatment of anemia, oral
mucositis and bone marrow transplant respectively [90]. They can bind to their respective
receptors to activate the JAK-STAT signaling pathways within the cytosol [91]. Activated
STAT (signal transducers and activators of transcription) proteins are translocated to the
nucleus where they serve as transcription factors which regulate the activation of specific
DME genes. Thus this can lead to potential exaggeration in disease-mediated altered DMEs
expression/activity and result in biologic-SMD interaction.

With the discovery of miRNA dysregulation in inflammatory bowel diseases, cancers and
viral infections, they emerge as potential drug therapies. Recent clinical trials with
miRNA-122 antagonist, Miravirsen for treatment of HCV infection [84] has indicated their
effective use. What makes miRNAs more attractive as therapy is their unique role in the
regulation of genes involved in immune defense. Some miRNA are suppressor of TLR
signaling, whereas others are activators. With LPS treatment, miR-146 & 155 are
upregulated that negatively regulates mRNA levels of TNF receptor associated factor 6
(TRAF®6), interleukin-1 receptor-associated kinase 1 (IRAK1) [85] and Src homology-2
domain-containing inositol 5-phosphatase 1 (SHIP-1), which is a negative regulator of NF-
xB signaling [70, 86] respectively. Though miRNA come across as very promising
biologics, ability of miRNA to regulate expression of DMEs as stated earlier, will pose
potential caveat and risk for interaction with SMDs.
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CCAAT/enhancer binding protein (C/EBP)-alpha transcription factors play important role in
the transcriptional regulation of cytochromes P450 such as CYP2A6, CYP2B6, CYP2C9,
CYP2D6, CYP3A4, CYP3A5 and CYP3AT [87]. In hepatocytes, this regulation takes place
in cooperation with HNFs and other transcription factors. C/EBP alpha and HNF-3 alpha
regulate CYP3A4 gene expression probably by chromatin remodeling [88]. C/EBP-alpha
has been indicated as potential therapeutic target in osteogenesis (In vitro C3H10T1/2 cells
induced by BMP-2). Thus it can be well perceived that further development of C/EBP-alpha
as agonist/antagonist for therapeutic proteins can alter DMEs post translationally and have
implication on interaction with SMDs. HNF4a. is potential targetable onco-protein in
Gastric Cancer. Given that (C/EBP)-alpha along with HNF4a regulates post translational
modification of DMEs, HNF4a agonists too have potential for DDI with SMDs.

Given the potential of biologic-SMD interaction in clinical settings, it is critical for us to
understand the mechanism of altered DME expression/activity during inflammation, and the
role of biologics on DME regulation. Down-regulation of DMEs during inflammation may
be mediated by signaling pathways activated by TLRs, kinases and other signaling
pathways. Similarly, basal transcription factors and nuclear receptors may mediate the
regulation of DMEs during inflammation. Post-transcriptional modification by miRNAs may
regulate DMEs, and consequently drug disposition. To date, all the key regulators involved
in alteration of DMEs during inflammation have not been identified. It is also plausible that
specific regulators may be involved in modulation of specific phase | and phase 1| DMEs.
Furthermore, a key limitation is our lack of understanding of human DME regulation /n
vivo, due to the limitations of experiments conducted in human cell-lines and in animal
models. Therefore, it will be important to conduct exhaustive and comprehensive
mechanistic studies using /n vitro cell-culture models as well as /n vivo humanized mice and
patient tissue samples.

A thorough understanding of the mechanism will enable future predictions and interventions
to prevent adverse effects due to biologic/SMD interactions in patients with infectious/
inflammatory diseases undergoing biologic/SMD co-treatments.
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highlights box

Metabolism and clearance of small molecules may be disrupted during
infectious and inflammatory diseases.

Biologics can alter metabolism/disposition of small molecule drugs (SMDs)
directly, by altering their metabolism, or indirectly through modulation of
cytokines.

Regulation of drug metabolizing enzymes (DMES) by biologics may be
mediated by modulation of transcription factors, nuclear receptors, TLRs,
miRNA and oxidative stress.

Inflammatory modulators play key roles in controlling therapeutic efficacy
and safety in patients undergoing treatments with biologics and small
molecules in infectious/inflammatory diseases.

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2018 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Mallick et al. Page 22
| |
| |
| |
| |
|
VAVAVAVAVATA '
Drug levels |
| |
| |
| |
I !....... I ..‘0
| I
| |
] ]
Inflammation/ Reinstated Normal
Normal state .
Infection state
Figure 1.

Schematic representation of correlation between disease-mediated alteration in drug
metabolizing enzymes and small molecule drug levels
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Figure 2.
Percentage of major classes of biologics approved by U.S FDA (2016)
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Figure 3.
Clinical biologic-DDIs included in labelling approved by FDA (2016)
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Mechanism of Biologics-SMDs interaction. 1) In infection/inflammation disease states,
plasma levels of cytokines/chemokines/peptides and growth factors are elevated. These
factors act on the liver to activate kupffer cells to release pro-inflammatory cytokines. These
intrinsic as well as the circulatory cytokines act on the hepatocytes through the cytokine
receptors. Furthermore, the TLRs on the hepatocytes are activated, to induce cell-signaling
pathways, leading to the down-regulation of basal transcription factors, NRs and DMEs.
This leads to disruption of drug metabolism/clearance. 2) Upon treatment with biologics
which are immunostimulators, cytokines in the liver are elevated further, thus potentiating
the down-regulation of DMEs, causing more severe disruption of drug metabolism/clearance
and increasing the levels of SMDs. 3) In contrast, biologics which are immunosuppressors,
attenuate inflammatory disease-mediated elevation of cytokines and restore the expression/
activity of DMEs and ultimately levels of SMDs are neutralized.

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2018 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Mallick et al.

Table 1

Key parameters determining ADME profiles of Biologics vs SMDs

Page 26

ADME-related Biologics Small molecule drugs (SMDs)

factors

Size Large (mixture of related molecules), high molecular Small (single molecule), Low molecular
weight >>1000 Dalton weight <1000 Dalton

Source Biologically produced or engineered Chemically synthesized

Physical/chemical properties

Complex (heterogeneous), undergo post translational
modification

Simple, well defined

Stability

Unstable, sensitive to external conditions

Stable

Absorption (Route of
administration issues)

Parenteral (IV, SC, IM) (contribution of lymphatic
absorption after subcutaneous injection)

All routes

Volume of distribution

Mainly limited to plasma or extracellular fluids (FcRn-
and target-dependent mechanisms)

To any organs dictated by hydrophobicity
and plasma and tissue protein binding

Half-life Long (in days and weeks) Short (in hours)
Phagocytosis, endocytosis, proteolysis, formation of
Elimination immune-complexes followed by complement- or Fc Biotransformation (oxidation

receptor-mediated clearance and importantly target
mediated disposition

andconjugation), renal

Immunogenicity

Immunogenic (immune system identify the molecule
and initiates an immune response to clear away the
biologics)

Mostly non-immunogenic (too small to be
recognized by the immune system as
“invaders)
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Approved biologics and their reported clinical drug interactions

Table 2

Page 27

Idiopathic Arthritis

Biologics Indication DDI information (FDA Ref

insert or clinical study)

IFN- a2b (Intron A) Hairy cell leukemia, malignant melanoma, IFN-a decreases theophylline clearance, [14]
follicular lymphoma, condylomata resulting increase in theophylline serum levels
acuminata, AIDS- related kaposi’s sarcoma,
hepatitis C, hepatitis B

PEGylated IFN-a2a (Pegasys, | Chronic hepatitis C, hepatitis B . PEGASYS treatment increased [15]

Reiferon) theophylline AUC by 25%

. In a PK study of HCV subjects
concomitantly receiving
methadone, treatment with
PEGASYS was associated with
10% to 15% higher methadone
levels than at baseline.

PEGylated IFN- a2b Chronic Hepatitis C (CHC) in patients with Peglntron increased AUC of methadone [16]

(Peglntron) compensated liver disease clinically after 4 weeks of treatment.

Necitumumab (epidermal . Necitumumab increased area under curve (AUC)

growth factor receptor metastatic squamous NSCLC of gemcitabine by 22% and C,pq, by 63% [17]

antibody)

Muromonab (CD3 receptor acute, glucocorticoid-resistant rejection of . .

antibody) allogeneic renal, heart and liver transplants Increased concentration of Cyclosporine [18.19]

Trastuzumab (HER2 receptor Though not significant, paclitaxel peak plasma

antibody) Treat breast cancer concentrations were ~ 25% lower [20]

: . RA, psoriatic arthritis, ankylosing

';ﬁ?ggg;?‘ab (TNF-a. receptor spondylitis, Crohn’s disease, ulcerative serum levels of duloxetine were decreased [21]
colitis
Indicated for prophylaxis of acute organ
rejection in patients receiving renal .

Basiliximab transplantation (as part of an gg‘f,;oe)ased Tacrolimus blood trough levels (by [93]
immunosuppressive regimen that includes
cyclosporine, and corticosteroids)

Rheumatoid Arthritis, Polyarticular Juvenile .
Tocilizumab (Anti IL-6) Idiopathic Arthritis, Systemic Juvenile Increased metabolism of omeprazole and [94]

simvastatin and thus reduced AUC.
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