
2 COMMON COMPOUNDS WITH INFLAMMATORY POTENTIAL

The field of nonclinical safety assessment is tasked with characterizing physiological effects of new drugs and identifying potential risks to target 
populations. A most troublesome and unpredictable physiological response that can occur downstream of test article administration is immune activation. 
While certain drugs take advantage of immune modulation, unintended off-target deregulation of the immune system is dangerous. Under the worst cases, a 
cytokine ‘storm’ may ensue due to the unrestrained, overactivation of the immune system. The purpose of this work was to provide a review of downstream 
molecular cascades initiated by common classes of compounds that may induce delayed or unintended inflammatory responses, demonstrate mechanisms 
of how these cascades interact with pre-existing conditions, and provide mitigation strategies in effort to attenuate drug attrition rates and improve tolerability 
in the clinic.
Classes of compounds with potential immunomodulatory properties include oligonucleotides, mitogen activated protein kinase activators, receptor TKIs, 
ACE inhibitors, opioid agonists/antagonists.  Downstream effects include direct release of pro-inflammatory cytokines via activation of toll-like receptor 
pathways as with siRNAs, increased cytokine synthesis as with some MAPKs, or a shift in immune effector versus immune regulatory cell balance to favor 
immunostimulatory environments via proliferation, infiltration or activation of various immune cells as with some TKIs. These effects are complicated by pre-
existing conditions associated with chronic immunostimulation like metabolic disorders, asthma, neurodegeneration, or cardiac conditions; e.g. ACE 
inhibitors can lead to worsening of symptoms in asthmatics due to bronchial hyper-reactivity. Consideration of these conditions within intended populations 
may encourage in vitro prescreening assays (e.g. cytokine release assays), thereby providing important biomarkers for clinical monitoring and mitigation of 
serious immune responses. For in vivo tests, revision or extension of data collection timelines may be sufficient to detect unanticipated responses, but other 
compounds may warrant prescreening or inclusion of immunotoxicological endpoints (e.g. blood/tissue sampling for multiplexed cytokine analyses) in effort 
to improve the likelihood of candidate molecules successfully passing through clinical development. 

Tyrosine Kinase Inhibitors (TKI)
• Often utilized for anti-tumor and anti-leukemic properties
• Despite some anti-inflammatory effects, dosing with TKIs has been shown 

to increase pro-inflammatory cytokine biomarkers (e.g. TNF-α).6
• Some TKIs are also associated with off-target dysregulation in T cell 

subtypes, favoring T effector cells over T regulatory cells.13

• TKI-induced suppression of Tregs and MDSC proliferation and 
activity allows for increased proliferation of CD4+ or CD8+ T-cells.

• Additionally, other TKIs such as Imantinib, promotes NK cell 
activation, promoting release of proinflammatory cytokines.

Angiotensin-Converting Enzyme (ACE) Inhibitors 
• Utilized to treat hypertension and congestive heart failure 14

• In addition to Angiotensin I, ACE also cleaves bradykinin.5,14

• Bradykinin dilates blood vessels via release of prostacyclin, NO, and 
endothelium-derived hyperpolarizing factor; can also induce release of 
TNF-α & other pro-inflammatory cytokines.1

• ACE Inhibition also shown to favor activity of class 1 T-helper cells (Th1) 
over class 2 (Th2), promoting an immunostimulatory environment.2

Opioid-Related Treatments
• Mu Opioid receptor agonists are commonly 

used for pain management. 
• Mu & Kappa opioid receptor stimulation 

induces ERK phosphorylation/activation as 
well as p38.

• P38 pathway induces production of IL-6, 
IL-1B, iNOS activity,& TNF-a secretion.

• Research to show regulation of cytokine, 
chemokine, and cytokine receptor 
expression is a critical component of the 
immunomodulatory activity of opioids.3

Oligonucleotides
• Mid and high dose antisense oligonucleotide-based pharmaceuticals have been shown to increase 

cytokines by 50-90% and complement activation  by 36-86%. An increase in neurotrophils has also 
been demonstrated.12

• Frequency of alterations is observed differently across species.12

• siRNAs have been shown to activate the immune system via toll-like receptor (TLR) activation on 
monocytes, macrophages, glia, etc.

Tyrosine Kinase Inhibitors
Pre-existing Cardiac Risk Factors 
• It is known that TKIs can lead to delayed cardiotoxicity, sometimes observed years later.5,7,10,14

• Not all patients who develop TKI-related cardiotoxicity are hypertensive, suggesting other 
mechanisms at work.

• Vascular endothelial growth factor (VEGF) inhibition by TKI treatment has been suggested.11

Metabolic Disease
• TKI administration has been associated with release of TNF-α.

• TNF-α has been associated with impaired glucose tolerance and is therefore of specific 
concern in patients with diabetes or other metabolic disorders.13

Angiotensin-Converting Enzyme Inhibitors
Pre-existing Cardiac Risk Factors 
• Arrhythmias, cardiomyopathy, previous myocardial infarction are risk factors that may influence drug 

tolerance.11,14

• Cardiomyopathy and myocardial infarction are also characterized by previous tissue damage, 
which can lead to an immunostimulatory or hypersensitive microenvironment.

Allergies and Asthma 
• ACE inhibitors have been associated with dry cough in up to 20% of the patient population.1
• Eosinophils & other immune cells are often increased in lungs of asthmatics, increasing baseline 

inflammation & hyper-reactivity.1,5

• ACE inhibitors augment this immunostimulatory microenvironment &  can have severe effects if not 
appropriately monitored.

• Angioedema is a serious potential allergic side effect, resulting from pro-inflammatory cytokine 
release, although it only occurs in ~0.2% of the patient population.14

Opiate Use & Related Treatments
Long-term opiate use has been linked to CNS, respiratory, and cardiac effects, as well 
as effects on the gastrointestinal system
Gastrointestinal Complications
• Aside from the addictive properties, chronic morphine treatment (as little as 4 days) 

can lead to opioid-induced constipation downstream of mu-opioid signaling via 
MAPK/ERK pathway in enteric neurons. 

• Also applicable for drugs like Suboxone®, used to manage opiate-addiction.
• Patients with Inflammatory Bowel Syndrome (IBS) or Crohn’s disease  experience 

complications when prescribed opiates for pain, as they already have increased levels 
of immunostimulatory markers.

• A percentage of those patients develop Narcotic Bowel Syndrome.9
Severe Asthma & Respiratory Disease
• Opiate treatment has been associated with respiratory depression.
• Opiates also linked to exacerbation of severe asthma potentially due to increased 

eosinophil infiltration induced downstream of MAPK activation & cytokine release over 
days of treatment, which may lead to bronchial hyper-reactivity.3,9

Specific Risk Factors for the Elderly
• Aging is associated with a baseline increase in macrophage activation and pro-

inflammatory cytokine release.
• Due to pleural, metabolic, and cardiovascular risk factors specifically present in the 

elderly, risk of complications increases following treatment with TKIs and ACE 
inhibitors.8

Research Questions
1) What common compound classes have increased likelihood of inducing delayed/ unintended inflammatory responses?
2) How do pre-existing conditions impact the immune system’s response to drugs and what are the clinical implications of these potential interactions?
3) How can we improve detection of unintended immune responses within nonclinical safety assessment in an effort to attenuate drug attrition rates?

3 PRE-EXISTING CONDITIONS & CLINICAL IMPLICATIONS
• Immunotoxicology screening has improved assessment of immunostimulatory effects of new test compounds, and studies in multiple species mitigates risk of missing species-specific immune responses.
• Addition of immunotoxicology & safety pharmacology endpoints on long-term toxicology studies has also improved detection of adverse reactions associated with delayed, off-target effects & multiple dosings.
• Gaps still exist in detection of test article-related immunostimulation, especially when effects are delayed or gradual, including:

• Detection of routine safety biomarkers.4
• Potential reactions in specific, target populations with pre-existing conditions at risk for inflammatory-related complications may not be discovered until late stage clinical trials.

Risk Mitigation: How do we improve from here?
Timelines and Research Models
• Is there data to support heightened inflammatory modulators at 24 hours post dose or greater (e.g., skin reactions, elevated heart rate, vomitus)?

• Cytokine levels can vary throughout the day and over repeated dosing, and effects on organ systems may therefore be delayed; additional timepoints or sampling should be considered.
• Considering target population, animal models of disease (i.e., immunocompromised mice and rodent models of asthma or neurodegeneration) may be more predictive than our current models.
Supplementary Immunotoxicolgy screening
• Consider risks of target population: Supplemental screening be warranted even if the immunogenic potential of the molecule itself is not of concern.
• Inclusion of specific cell types (in vitro) for appropriate receptor representation (e.g.,TLR subtypes for oligonucleotide treatments).
Addition of immunotoxicolgy endpoints on in vivo safety studies
• Collection of plasma/serum at key timepoints for multiplexed cytokine screening could be implemented (potential biomarker discovery).

4 DISCUSSION & CONCLUSIONS
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Figure 1. TKI interactions with immunoregulatory molecules. Common 
multitargeted TKIs = Dasantinib, Sunitinib, Imantinib; MDSC=myeloid-derived 
suppressor cell; NK=natural killer cell; Treg=regulatory T-cells. Tregs inhibit the 
proliferation and pro-inflammatory activity of effector T-cells, however some TKIs 
inhibit this action of Tregs and favor an immunostimulatory environment. Red bars 
indicate inhibitory action. Green arrows indicate activation or promotion.

Figure 2. Enzymatic actions of ACE. Cleavage of bradykinin by ACE is blocked by 
ACE inhibitors, which leads to release of prostaglandin, histamines, and nitric oxide 
mediators that can activate various immune cell types (e.g., eosinophils, mast cells, 
macrophages) to promote release of primarily pro-inflammatory cytokines.

Figure 3. Activation of Mitogen-activated Protein Kinase (MAPK) cascades by 
Opioid Receptor Subtypes. Upon activation, G-protein opioid receptor subtypes 
initiate a cascade of molecular events, via GTPases and other intermediary 
kinases,  that are associated with specific MAPK activity which encourages 
downstream production and release of cytokines downstream depending on 
stimuli.  ERK=extracellular signal-regulated kinase; JNK=c-Jun N-terminal kinase; 
p38 kinase activation is largely associated with pro-inflammatory cytokine release.

1 ABSTRACT & INTRODUCTION


