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Inflammation is an immune response to something. Decades’ worth of mechanistic
investigations have begun to peel back the complex layers of inflammatory triggers of
arteriosclerosis and cardiovascular disease (CVD) — in time (phases of immune response),
space (tissue bed-specific responses), and host (patient).! Yet, fundamentally, models of
inflammation-associated CVDs can be broken down into triggers and immune responses to
these triggers. Essentially, antigens and/or physiologic perturbances interact with underlying
host factors and comorbidities to drive immune cell biasing and phenotype-switching.?
These interactions ultimately dictate the balance between inflammation and resolution
thereof, with effects on subclinical and overt clinical CVDs.

In experimental models, triggers and host factors may be cleanly manipulated to probe
relationships between immunity, comorbidities, and CVDs. In humans, however, variable
underlying host factors and comorbidities add barriers and complexity to the precise
definition of these relationships. Rigorous approaches to investigating interactions are
therefore necessary. In the manuscript by Stein et alin this issue of ATVB,3 the authors’
thoughtful approach to interactions between HIV and renal impairment with respect to
endothelial function yields hypothesis-generating findings of potential mechanistic
relevance. Leveraging harmonized participant-level data from 9 studies, the authors observed
differences in the association of human immunodeficiency virus (HIV) serostatus with
brachial artery flow-mediated dilation (FMD) depending on serum creatinine level.

Statistically, as the authors discuss, this is an example of negative confounding: a
confounding variable (in this case, serum creatinine) biased the apparent association
between exposure (HIV) and outcome (FMD) toward the null, and the significant association
was found only after accounting for serum creatinine. This is the opposite of more
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commonly observed positive confounding, in which a confounding variable makes an
association between exposure and outcome that may not be truly significant appear
significant (at least, until the confounder is adjusted for). Informative statistical concepts
observed in this study do not end at negative confounding, however, as there was also a
significant interaction between HIV and renal impairment. In light of this interaction, the
authors appropriately stratified by serum creatinine levels, which is the observational study
analogy to subgroup analyses from a clinical trial. Only by doing this stratification were the
authors able to find that there was a significant association of HIV with FMD at higher
serum creatinine levels but not lower levels. This interaction and the implied biological
relevance — that HIV’s putative effects on endothelial dysfunction may be more marked in
the setting of renal impairment — warrant further discussion.

Does this statistical interaction reflect a true biological interaction with mechanistic
implications? Well, maybe. As with subgroup analyses in a clinical trial, the different
associations of HIV with FMD by creatinine subgroup observed by Stein et al. do not
provide definitive evidence. Rather, they generate interesting hypotheses with biologic
plausibility that merit further study. One such hypothesis is that a pro-inflammatory
immunologic bias* — in the setting of HIV viral reservoirs/reactivation, chronic immune
activation, and impaired regulatory/inflammation-resolving immunity — makes people with
HIV especially vulnerable to “second hits” driving persistent inflammation and tissue
damage. Given well-described mechanisms of immune activation, inflammation, and
endothelial dysfunction in HIV/® and chronic kidney disease® (CKD), this is plausible.
According to this hypothesis, conditions such as HIV and CKD would create a mutually
reinforcing positive feedback loop of endothelial inflammation, damage, and dysfunction
(Figure). This study raises this possibility, although far more mechanistic and clinical work
needs to be done to define the veracity of this hypothesis.

More broadly, what are the implications for understanding multi-hit interactions between
underlying immune dysregulation and second-hit comorbidities/stressors in CVD
pathogenesis? And how much of this immune dysregulation — a broadly defined entity
considered in this discussion as imbalanced and inappropriate pro-inflammatory vs.
inflammation-resolving immune responses — is truly “underlying,” versus triggered by
comorbidities and exposures?

These are important questions without immediately clear answers. But recent studies
provide some clues. We know that cells of the immune system (lymphoid and myeloid
lineage) are the primary effectors of inflammation and resolution thereof.” The composition
of these cells, both in terms of surface phenotype and function, is profoundly varied between
individuals;8 this variation is largely non-heritable but, rather, influenced by antigenic
exposures.? These exposures include epitopes derived from infectious* and non-infectious1®
materials and can dictate immune differentiation, chemotaxis, and function in systemic and
tissue-specific manners. Additional comorbidity-driven “hits” (e.g. stressors occurring in
CKD, diabetes, and hypertension among other comorbidities) may then produce highly
divergent immune responses that vary in function (e.g. pro-inflammatory vs. inflammation-
resolving), place (systemic vs. tissue-specific), and duration. This proposed multi-hit
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paradigm of immune vulnerability to comorbidity-driven triggers in CVD pathogenesis is
outlined in the Figure, along with related methodologic and mechanistic considerations.

Disentangling these complex relationships between antigens, immune responses, and CVD
pathogenesis requires complementary approaches across the translational spectrum.
Observational studies in humans generate hypotheses that can be probed in further depth
with detailed human immunophenotyping studies and experimental models. Because human
observational studies are not performed in controlled experimental conditions, thoughtful
approaches to confounding and interactions — as performed by Stein et. alin this issue — are
needed to inform these hypotheses, define mechanisms of interest for future study, and
ultimately lead to effective therapies.
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Methodologic Paradigm: Examining Multi-Hit Interactions of Immunity/Inflammation/Comorbidity in CVD
1. Exposure/outcome relationships are biologically complex
2. Evaluating for interactions is key: variables assumed to be independent may not be independent of one another
3. Confounding is common
Positive: exposure-outcome relationship is not significant but confounding variable makes it appear as such
Negative: exposure-outcome is significant but masked by confounding variable; adjusting for confounder unmasks

Figure.
Multi-Hit Paradigm of Immune Response, Comorbidity, and Cardiovascular Diseases:

Conceptual Model and Methodologic Implications. A complex interaction exists between (1)
infectious and non-infectious antigens; (2) immune differentiation and signaling in response
to these antigens; and (3) cardiovascular comorbidities and risk factors with respect to (4)
cardiovascular disease pathogenesis. These relationships are neither linear nor
unidirectional. Accordingly, studies that do not employ clearly delineated experimental
models (e.g. observational studies in humans) require thoughtful consideration of
confounding variables and interactions.
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