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Abstract

Type | interferons (IFN-Is) are emerging as key drivers of inflammation and immunosuppression
in chronic infection. Control of these infections requires IFN-I signaling; however, prolonged IFN-
I signaling can lead to immune dysfunction. IFN-Is are also emerging as double-edged swords in
cancer, providing necessary inflammatory signals, while initiating feedback suppression in both
immune and cancer cells. Here, we review the proinflammatory and suppressive mechanisms
potentiated by IFN-Is during chronic virus infections and discuss the similar, newly emerging
dichotomy in cancer. We then discuss how this understanding is leading to new therapeutic
concepts and immunotherapy combinations. We propose that, by modulating the immune response
at its foundation, it may be possible to widely reshape immunity to control these chronic diseases.

The Complex Relationships between Inflammation and
Immunosuppression

Inflammation and immunosuppression induced by chronic virus infection and cancer can
induce a dysfunctional immune state unable to eliminate disease. Why this ‘exhausted’ state
has evolved to emerge in these chronic diseases is a matter of debate, but its initial
invocation is critical to limit excessive immunopathology while maintaining some level of
immunological control. Due to their direct lysis of infected and cancer cells, the majority of
effort to understand immune exhaustion has focused on CD8 T cells. However, CD8 T cell
functionality represents an endpoint of a complex set of molecular and cellular interactions
that broadly reprogram all levels of the immune response leading to a collaborative failure to
control disease. Yet, the underlying mechanisms that program and maintain the suppressive
environment are less clear.

Somewhat paradoxically, chronic virus infections and many cancers are characterized by
simultaneous immunosuppression and inflammation. Seemingly mutually exclusive, these
immune states coexist and recent evidence indicates that their regulation is integrally linked.
This linkage makes immunological sense because the immune response must initiate
counter-regulatory measures to avert excessive or ongoing immune mediated disease once a
pathogen is controlled. IFN-Is are emerging as central drivers of inflammation in chronic
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virus infections; however, IFN-Is also induce many of the suppressive factors that limit
immunity to promote chronicity. Thus, emerging evidence places IFN-Is as a common nexus
in the pathogenesis of multiple chronic diseases. In this review, we explore the emerging role
of IFN-1 signaling as a central node underlying the inflammation and the immune
dysfunctions in chronic virus infection (Figure 1]. We then discuss how many of these same
suppressive mechanisms are being identified to limit immune control of cancer and the
potential positive and negative role of IFN-Is in the process. Finally, we highlight the
complexity of targeting IFN-Is therapeutically and the potential for enhancing and inhibiting
IFN-Is to augment immune function to control chronic viruses and cancer.

IFN-Is: A Nexus Balancing Inflammation and Suppression

The IFN-I family comprises a single IFNB gene and 13 or 14 IFNa genes (in human and
mouse, respectively). IFN-Is signal through a dimeric receptor comprising IFNa.R1 and
IFNaR2 (termed here ‘IFNR’) that activates the kinases Janus kinase 1 (Jak1] and tyrosine
kinase 2 (Tyk2] to initiate transduction of IFN-1 signaling through signal transducer and
activator of transcription (Stat)1 and Stat2 phosphorylation. In addition to canonical Statl/
Stat2 signaling, IFN-Is also activate a variety of other Stat proteins (e.g., Stat 3, 5, and 6) as
well as phosphatidylinositide 3-kinase (P13K) and mitogen-activated protein kinases
(MAPK) (in particular ERK1/2 and P38] [1]. Furthermore, adding to the complexity of IFN-
I signaling, different IFN-I proteins bind the receptor complex with different affinities and
IFNB can bind IFNaR1, propagating diverse signals and transcriptional programs [2].
Together, these signaling networks lead to activation of the multitude of IFN regulatory
factors (IRFs) and IFN-stimulated genes (ISGs) promoting an inflammatory environment
and initiating antiviral mechanisms associated with IFN-Is. Importantly, under biological
conditions, IFN-I signaling does not occur in isolation. As a result, the presence of other
inflammatory signals also affect the pathways of IFN signaling and modulate their functions
adding even further complexity, via poorly understood signal crosstalk.

Sustained inflammation and subsequent immune activation is associated with worsened
disease progression in chronic infections and, although many drivers of inflammation exist,
ongoing IFN-I signaling is emerging as a primary mechanism [3]. In monkey models of SIV
infection, natural hosts that do not progress to AIDS despite ongoing virus replication have
lower IFN-I signaling signatures, while AIDS-progressing non-natural host monkey species
exhibit high levels of sustained IFN-I signaling, independent of viral loads [4-6]. This
suggests that, in addition to promoting antiviral immunity, chronic inflammation mediated
by IFN-I leads to progressive immune dysfunction and disease, separate from virus
replication. Moreover, IFNs can induce programmed death-ligand 1 (PD-L1], I1L-10, and
indoleamine 2,3 deoxygenase (IDO) expression by immune cells, nonhematopoietic cells,
and, in some cases tumor cells, driving suppressive circuits [7-10]. Although the ability of
IFN-Is to induce counter-regulatory mechanisms has long been known, the biological impact
of this feedback in chronic inflammation has only recently come to light. Using the chronic
lymphocytic choriomeningitis virus (LCMV) model, several research groups have
demonstrated that many of the immune dysfunctions and suppressive programs associated
with chronic virus infections were abolished when IFN-I signaling was inhibited, including a
decrease in IL-10 and PD-L1 expression by dendritic cells (DCs) and macrophages, lowered
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chronic inflammation, enhanced multiple antiviral cell populations, and restored lymphoid
architecture [7,11,12]. Exactly which of these functions contribute to the ultimate viral
control is an area of active investigation, but it is likely that these modifications converge to
promote enhanced cellular interactions, allow preservation of antibody-producing B cells,
and engender a stimulatory instead of suppressive environment (discussed in greater depth
below). The effects of IFN-I signaling do not necessarily transform from ‘good’ to ‘bad’ as
chronic infection progresses, but rather aspects of each are present throughout the infection.
It is how individual target cells and their intracellular signaling networks are temporally
altered as infection proceeds that likely determine responsiveness to IFN-I signaling,
immune programming, and consequent virus control.

In cancer, the role of IFN-Is has generally been considered beneficial, necessary to both
promote T cell responses and to prevent metastases. However, there have been indications
that IFN-1s can also have a negative role by promoting negative feedback and
immunosuppression. IFN-Is can increase IDO expression by DCs and macrophages and
upregulate expression of checkpoint inhibitors that attenuate antitumor T cell responses [13-
17]. Thus, similar to chronic virus infections, ongoing IFN-I signaling may be a key driver
of immune dysfunction in some cancers. Yet, in response to foreign pathogens, multiple
pattern recognition receptors (PRRs), including toll-like receptors (TLRs) and cytosolic
receptors RIG-1 and MDAD5, lead to IFN-I induction. By contrast, in the tumor setting, IFN-
Is are often dependent on STING signaling [18], suggesting that cellular dysregulation and
potentially immune recognition of DNA from dying cells underlie IFN-I induction
(discussed below). Thus, differences in the basic biology of where and how IFN-I-inducing
signals are transduced in the tumor compared with infection could affect the composition
and impact of IFN-I-induced inflammatory and suppressive programs.

Direct IFN Effects on Virus Infection and on Tumor Cells

IFN-Is were first identified based upon their profound ability to render cells resistant to virus
infection. Almost all cells express IFNRs, which, upon signaling, rapidly induce multiple
antiviral response genes to inhibit virus replication in infected cells and send an alert to
prevent infection of nearby cells. Testament to the fundamental role of IFN-Is in virus
control are the observations in mice that, in the absence of IFN-I signaling, viruses that are
normally rapidly controlled instead are either lethal or persist. The specific antiviral factors
induced by IFN-Is and how they individually restrict viruses have been described in many
reviews, including [19]. Recent evidence in humans demonstrated the pressure exerted by
IFN-Is to restrict initial HIV infection. Upon HIV infection, the founder viruses that
establish infection are relatively resistant to IFN-Is due, at least in part, to escape from the
restriction mediated by the IFN-I-induced antiviral IFITM1 protein [20-22]. However, as
HIV infection progresses, sensitivity of HIV to IFN-I-mediated restriction factors and
mechanisms increases (despite ongoing IFN-I production and the pressure on the virus that
would exert), suggesting an initial immune resistance of chronic IFN-I signaling that allows
HIV to subvert its antiviral activity [20,23]. The initial resistance to IFN-Is is not absolute
and founder viruses (particularly HIV Clade C) that do not exhibit IFN-I resistance can also
be identified [24], indicating that overcoming the initial IFN-I antiviral program is one of the
overall tactics HIV can use to establish infection. Although IFN-I dependence was not
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tested, increased expression of PD-L1 is also observed on multiple lineages of LCMV-
infected cells, likely serving to inhibit the ability of cytotoxic T lymphocytes (CTLs) to
respond to and kill the infected cells [7,8,25]. Thus, while restrictive to their replication,
viruses can also take advantage of the counter-regulation induced by IFN-Is to promote
immune suppression and allow the persistence of infected cells.

Similar to virally infected cells, IFN-Is have a direct inhibitory effect on tumor cells,
limiting their proliferation and driving senescence and death. Despite the fact IFN-driven
antagonism of tumor growth has been known for 40 years, there is not a well-defined
understanding of mechanisms responsible for the IFN response of cancer cells; however, it is
clear IFN-I-dependent inhibition of tumor cell expansion is a combination of cycle arrest
and cell death [26,27]. In melanoma and breast cancer cells, IFN-I-driven expression of the
TNFa-family member TRAIL was responsible for caspase 8-dependent apoptotic sensitivity
to IFN-Is [28,29], while, in cervical carcinoma, IFN-Is caused apoptosis-independent
proliferative arrest and early cytoplasmic accumulation of the antiapoptotic protein cFLIP
and caspase 8 [30]. The net effect of the cellular response was initial proliferative arrest and
senescence. However, over time, the composition of the death-inducing signaling complex
favored caspase 8 activation, resulting in apoptosis, suggesting that initial IFN-I signals were
cytostatic, but that prolonged stimulation is required for cell death. Interestingly, in vivo
studies in breast cancer models found that metastasis required a loss of IRF7-driven gene
signatures [31], while, in patients with breast cancer, reduced STAT1 activation was
associated with worse overall outcomes [32]. In addition, acquired resistance to radiation
therapy with immune checkpoint inhibition is driven through IFN-dependent STAT
activation, which increases the tumor cell-intrinsic expression of immune suppressive
receptors, such as PD-L1 [13]. Thus, breaking free from IFN-I-mediated regulation can be
critical for cancer progression and, even while still being regulated by IFN-Is, cancer cells
can co-opt the normal counter-regulatory mechanisms induced by IFN-Is to prevent immune
cell killing.

Altered Innate Immunity

High levels of IFNa and B are rapidly produced in response to virus infections, but
expression is curtailed within a few days or so regardless of viral clearance. Multiple studies
have noted that, around the same time that IFN-I production is reduced, the immune
response and antigen-presenting cells (APCs), in particular, become refractory to subsequent
TLR stimulation and IFN production [33-35]. Although inherent culling of IFN-I signaling
may serve to prevent excessive immunopathology, it can also promote infection, since
sustaining IFN-I signaling through the administration or deletion of the IFN-I inhibitor
OASL1 led to clearance of otherwise chronic LCMV infection [36,37]. After the initial
robust IFN-I production subsides, individual IFNa and p subtypes are decreased to levels
observed in uninfected conditions, although the IFN-I-dependent ISG signature is sustained
[12], indicating that smoldering IFN-I production continues. How an almost unmeasurable
level of IFN-I production continues to have such a dramatic impact on the antiviral immune
response is an important question that may include IFN-I production at points of cell—cell
interaction and/or transcriptional and epigenetic reprogramming to enable increased
sensitivity to small amounts of IFNR activation.
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Initial and chronic IFN-I signaling functions at all levels of the immune response and
impacts immunity from the ‘ground up’, from innate APCs to T cell responses and on each
individual cell type in between. Inflammatory IFN-I signals promote and modulate
macrophage and DC development, maturation, and stimulatory capacity. Not only will these
effects have obvious positive impacts on priming and generating the adaptive immune
response, but the IFN-1 mediated restriction of infection in certain APC subtypes can also be
equally important by limiting antigen presentation, such as by CD169+ macrophages, to
promote antiviral antibody production [38], or to constrain virus replication to limit systemic
viral persistence [39]. How IFN-I negatively impacts the innate response in chronic virus
infection is less well understood. In response to chronic LCMYV infection, expression of
many inhibitory factors, including IL-10, PD-L1, and IDO, is specifically induced by IFN-I
on specific populations of CD39+ CD95+ immunoregulatory DCs and macrophages that
suppress antiviral T cells [7,40]. Interestingly, conventional DCs (cDCs) did not adopt the
IFN-I-mediated suppressive program, but rather IFN-I directly induced the expression of
IL-10 and PD-L1 and suppressive activity on monocytederived (mo)DCs [7]. In the absence
of IFNR expression on moDCs, these cells remained highly T cell stimulatory in the
otherwise suppressive chronic infection. How exactly IFN-Is are induced to specifically
target these cells is unclear, but a potential interaction with apoptotic red blood cells has
been implicated [41]. In addition to generating immunoregulatory CD39+ DCs, IFN-Is also
suppressed cDC numbers [7], effectively shifting the balance toward the suppressive innate
immune environment associated with chronic virus infection. A similar CD39+
immunoregulatory DC phenotype was also evident in a mouse model of Mycobacterium
tuberculosis, in human cells from HIV-infected humanized mice, and in B16 tumors [7],
suggesting that emergence of these same DC populations is a conserved mechanism in
chronic disease characterized by chronic inflammation and IFN-I signaling.

IFN-Is are critical during the initial stages of cancer development for the activation of DCs
to cross-prime tumor-specific CD8 T cells [42,43]. However, until recently, the role of IFN-
Is in innate immune regulation and tumor pathogenesis was thought to end there. Yet, recent
data have begun to indicate that IFN-Is continue to modulate the innate immune response
both in the tumor and systemically. In cancer plasmacytoid DCs (pDCs), accumulation at the
tumor margin and in sentinel lymph nodes has been observed, most notably in melanoma
and breast cancer [44,45] and correlates with a lack of mature cDCs [44], increased
CTLA-4N regulatory T cell populations [46], a decrease in proinflammatory cytokine
production [47], and a poorer prognosis overall [44]. A question that arises is why an IFN-I-
producing cell type would be negatively associated with cancer outcomes. One explanation
has been that tumor-associated pDCs are specifically defective for IFN-I production [46] and
responsiveness to IFN-I [45], similar to the refractory state observed by pDCs in chronic
virus infections [35]. By contrast, pDCs present in sentinel lymph nodes during breast
cancer and melanoma express IDO, suppress T cell responses, and promote regulatory T cell
(Treg) expansion [48,49]. Although the IDO* population of pDCs is a minority, they have an
outsized impact on immunity, and IDO inhibition dramatically alters antitumor immunity
[9]. The bulk of the literature suggests that IFN-I and IDO dynamics in the tumor and lymph
nodes drive a balance of pro- and anti-inflammatory effects, providing productive immunity
while limiting bystander pathology. Thus, smoldering autocrine/paracrine IFN-I may
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synergize with other signal pathways in the tumor or draining lymph nodes to drive the IDO
* regulatory pDCs. IDO was recently reported to suppress IFN-I-driven responses to viral
infection by an aryl hydrocarbon receptor-dependent mechanism [50]. Thus in an IDONig
environment driven by sustained IFN-I stimulation, pDCs may be skewed toward a
regulatory phenotype with reduced ability to produce IFN-I upon stimulation, promoting
immune suppression and tumorigenesis. In this view, tumor-associated PDCs are not
‘dysfunctional’ per se, but rather reflective of a chronically IFN-I* microenvironment.

Macrophage exposure to IFN-Is primes a proinflammatory state and IFN-1* macrophages in
the tumor or draining tissues drive antitumor effects. This would argue that the primary
effect of IFN-Is is to promote a classically inflammatory ‘M1’ phenotype. However, PD-L1
(similar to IDO) is an IFN-1-responsive gene that drives a counter-regulatory response
suppressing CTL activity and solidifying a PD-1M phenotype in FoxP3* Tregs [51]. Given
that PD-L1* macrophages are found in a range of tumors, the effect of IFN-Is on this group
may be an important mechanism of immune suppression. Tissue-resident macrophages
exposed to dying cells drive tolerance by mechanisms dependent on PD-L1 [52] and IDO
[53], and STING-deficient phagocytes failed to induce IDO, IL-10, PD-L1, or TGF- after
apoptotic cell uptake /7 vivo [54], an effect that is dependent on autocrine and paracrine
STING-dependent IFN-I production (T.L. McGaha, unpublished data, 2017). This is
consistent with the ability of DNA from dying tumor cells to drive STING-dependent IFN-I
production [55,56]. However, STING-induced IFN-I responses can drive both tolerogenic
and inflammatory immunity. How this dichotomy is perpetuated is unclear, but may be due
to “antigen’ amounts. For example, in the face of large-scale tumor cell death, apoptotic
tumor DNA may provide a strong STING agonist, provoking inflammatory immunity that is
able to outweigh the counter-regulatory suppressive factors also induced. However, low-level
STING activity as a result of tumor cell turnover and phagocytosis by macrophages may
drive sustained, comparatively lower IFN-I production, promoting IDO, PD-L1, and IL-10-
dependent regulatory mechanisms. This then would suggest that tumors incorporate
mechanisms maintaining host equilibrium to persist. It will be interesting to determine
whether, similar to chronic virus infections, the high antigen burden that would initially
trigger the STING-driven inflammatory response also leads to increasingly potent
suppressive signals that attenuate the immune response. Multiple groups are testing targeted
STING activation by administration of cyclic di-nucleotides in anticancer therapy [57-59].
While early results are promising, the clear feedback inhibition induced by IFN-Is in
general, and STING in particular, must be considered in this methodology.

CDS8 T Cells: Activating, Sustaining and Wearing down the Effectors

Although it is well established that the inability to clear virus and cancer leads to the
progressive dysfunction of antiviral CD8 T cells, these ‘exhausted” CD8 T cells maintain
some function and are critical to sustain a limited degree of viral or tumor control. Thus, the
magnitude and quality of CTL responses are key factors in maintaining control, and are
highly regulated by IFN-Is throughout infection. At the onset of viral infection, direct IFN-I
signaling on antiviral CD8 and CD4 T cells is required for maximal T cell expansion and
protection from natural killer (NK) cell-mediated killing [60-63], although other
inflammatory cytokines can compensate during certain infections [64]. In addition, early
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IFN-I signaling drives the acquisition of CD8 T cell cytolytic function [61,62,65]. In cancer,
IFN-Is have also been shown to enhance antitumor CD8 T cell effector function ex vivo by
increasing their killing ability, which presumably accounted for the better tumor control
upon adoptive transfer [66]. /n7 vivo, IFN-I enhances antitumor CD8 T cell responses
indirectly by enhancing cross-presentation by DCs [42,43]. However, direct survival effects
of IFN-I have also been reported on intratumoral CD8 T cells [67]. Interestingly, in a colon
cancer model, the tumor microenvironment actively downregulated IFNR on CD8 T cells,
decreasing their survival and increasing tumorigenesis, while enforced IFNR expression on
CTLs alone delayed tumorigenesis [67]. Thus, direct signaling on antiviral and antitumor
CD8 T cells is critical for the initial activation and survival of CD8 T cell responses.

Upon systemic blockade of IFN-I signaling /n vivo using an anti-IFNR antibody during
chronic LCMV infection, antiviral CD8 T cell numbers remain unchanged or were slightly
decreased [11,12]. However, IFNR blockade skewed antiviral CD8 T cell subsets, increasing
a TCF-1+ CXCR5+ subset [68] that exhibits enhanced proliferative and renewal capacity,
and is responsible for sustaining long-term antiviral CD8 T cell activity during chronic virus
infections [69-71]. This TCF-1+ CXCR5+ CD8 T cell subset is present in multiple chronic
infections, including HIV, HCV, and in cancer [68,69,71], and, importantly, has been
reported to be the antiviral CD8 T cell subset that preferentially expands upon PD-L1
blockade and mediates viral control [69-71]. Thus, during chronic infection, IFN-Is
suppress the antiviral CD8 T cell subset that sustains long-term viral control, favoring the
formation of terminally differentiated antiviral CD8 T cells that do not renew but have
enhanced cytotoxic function. This subset skewing likely contributes to the progressive IFN-
I-mediated immune dysfunction during chronic infection [11,12] and may also link chronic
IFN-I signaling to decreased success of anti-PD-L1 blockade and other checkpoint inhibitor
therapies by limiting the progenitor CD8 T cell populations able to respond. Indeed, TCF-1+
CD8 T cells have also been identified in tumor-infiltrating lymphocytes (TIL) [68]; however,
the regulation of this population by IFN-I signaling and its capacity to re-expand upon PD-
L1 blockade remain to be determined.

CD4 T Cells: The Underappreciated Need for Sustained Help

Robust and sustained CD4 T cell responses are a strong correlate of control of multiple
chronic infections. CD4 T cells are critical to maintain CD8 T cell responses when a virus or
cancer cannot be controlled acutely and provide help to B cells for antibody responses that
also contribute to control. As such, chronic viral infections induce CD4 T helper 1 (Th1] and
follicular helper T cell (Tfh) responses, which predominantly help CD8 T cells and B cells,
respectively. IFN-I profoundly affects CD4 T cell priming and differentiation dependent on
the stage of viral infection [72] and, as a result, the type of help that CD4 T cells are able to
provide. At the onset of what will become a chronic virus infection, IFN-I suppresses Tth
formation, but does not alter Thl differentiation [72,73]. By contrast, virus-specific CD4 T
cells primed once the chronic infection has been established yield only CD4 Tth cells with
de novo Thl priming inhibited by IFN-Is [72,74]. A similar accumulation of CD4 Tfh is
observed in multiple chronic virus infections characterized by chronic IFN-I signaling,
including HIV, HCV, and SIV [75-77], suggesting a conserved mechanism by which IFN-I
limits CD4 Th breadth. The inhibition of new CD4 Th1 cells was not a direct consequence
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of IFN-1 signaling on CD4 Th1 cells, but instead IFN-I-induced IL-10 and PD-L1 expression
by CD39+ suppressive DCs prevented Th1 differentiation [74]. Reconstituting the CD4 Thl
cells overcame many aspects of CD8 T cell exhaustion, including their progressive
numerical decline, and facilitated enhanced control of the chronic infection [74]. PD-L1 and
IL-10 also suppressed CD4 Th1 differentiation at the onset of acute and persistent LCMV
infection [74], highlighting a role for 1L-10 and PD-L1 as Th1 suppressive factors, and
adding another mechanism by which PD-L1 regulates immune responses to virus infection.

In contrast to viral infection, the extent to which IFN-Is regulate or skew CD4 T cell
responses in tumors has not been explored in detail. In one study, patients with IFNa.-
treated, nonprogressing chronic myeloid leukemia (CML) exhibited increased frequency of
central and effector memory IFNy* and TNFa* CD4 T cells [78]. Importantly, the patients
showed residual leukemia that failed to expand, suggestive of immune surveillance. Other
clues come from studies of immunity following chemotherapy. For example, treatment of B
cell lymphoma with cyclophosphamide drives a temporary reduction in tumor size
associated with infiltration of polyfunctional CD4* T cells capable of producing IFN-y and
TNF-a [79]. The CD4* T cells were required for CTL activation and, importantly,
diminished in IFNaR~/~mice, suggesting IFN-I-driven differentiation [80]. Interestingly, in
this model, the response was not durable and the antitumor CD4 T cells gradually acquired a
PD-1N exhausted phenotype [80]; however, PD-1 inhibition reversed this phenotype and
drove long-term remission [81].

Regulatory CD4 T Cells

Although the contribution of Tregs to the suppression of antiviral immune responses and the
control of chronic virus infection remains controversial, emerging evidence suggests that
IFN-Is are important in determining their impact. The effect of IFN-Is on Tregs in viral
infection remains controversial, with one report demonstrating that direct IFN-1 signaling on
Tregs at the onset of acute LCMV infection suppressed their numbers and activation, leading
to increased antiviral CD4 and CD8 T cell responses and a slight lowering of viral titers
[82], although another report did not see an effect of IFN-Is on Tregs [83]. £x vivo depletion
of Treg cells or their suppressive factors in peripheral blood mononuclear cells (PBMCs)
from patients with HIV and HCV enhanced CD8 T cell activation and function, although
how Tregs restrict the antiviral response /n vivo (aside from limiting secondary
immunopathology or secondary effects due to depletion) remains unclear [84]. /n vivo
depletion of Tregs in the midst of chronic LCMV infection substantially increased virus-
specific CD8 T cell numbers and restored function, but did not change viral titers [85].
Interestingly, the decrease in Tregs in chronic LCMV infection was accompanied by an
increase in PD-L1 expression that, when co-blocked with Treg depletion, did enable virus
control. Although not analyzed, it will be important to determine whether the increase in
PD-L1 following depletion of Tregs is due to increased levels of inflammation and IFN-Is
that trigger counter-regulation by PD-L1. This type of counter-regulatory mechanism to
therapeutically increased inflammation is beginning to come to light in cancer models
wherein IFN-Is induced by radiation therapy increase PD-L1 expression that secondarily
inhibits antitumor immunity [13]. Overall, the interplay between Treg-mediated suppression

Trends Immunol. Author manuscript; available in PMC 2021 April 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Snell et al.

Page 9

and control of inflammation and the effect that this has on subsequent suppressive factors in
chronic virus infections remains to be better defined.

The inherent tumor-promoting role of Tregs in cancer has been extensively examined;
however, the effects of acute or chronic IFN-I expression on Treg numbers or function are
not well characterized. Similar to the suppressive effects of IFN-Is on antiviral Treg
numbers, treatment with IFNa2b in a melanoma model reduced systemic Treg numbers
[86], as did the delivery of intratumoral IFNa in a colon cancer model in addition to
enhancing functional CD8 T cells and inhibiting tumor growth [87]. Furthermore, exposure
to IFNa can functionally paralyze human CD4™* Tregs, inhibiting cyclic AMP (CAMP)-
dependent suppression of antitumor responses [88], suggesting that IFN-Is limit both Treg
number and function in cancer. By contrast, IFN-Is can also enhance the suppressive effects
of Tregs. IL-10 production by tumor-associated, but not systemic, Tregs was reportedly
dependent on IFNa.R1 signaling in colon cancer, suggesting that local IFN-I production in
the tumor drives the suppressive Treg phenotype [89]. IFN-Is likely also regulate Treg
function indirectly by induction of downstream regulatory effectors, such as IDO, which,
when inhibited, causes a loss of Treg suppression in many tumor types [90]. Recently, it was
reported that IDO activation drives a PD-1" Treg phenotype that is stabilized by interaction
with PD-L1 [51], suggesting that multiple targets of IFN-Is work together to drive
suppression in the tumor microenvironment (TME) and sentinel lymph nodes. Interestingly,
infection of IDO1~~mice with chronic LCMV did not change the course of infection (D.G.
Brooks, work in progress), although suppressive APCs produce IDO during persistent
LCMV infection [40] and during HIV infection [91]. Thus, although common programs of
suppression are instituted in response to chronic antigen stimulation, their regulatory impact
on the immune response and infection and/or tumor control may be specific to the pathogen
and/or tumor present and weighted at different levels of importance to suppress immunity.

B Cell Immunity

Although present and necessary, B cell function and dysfunction during chronic infections
are less understood than that of T cells. Interestingly, the progressive increase in Tfh and
prevention of new Th1l cells represents a clear push by the immune system toward B cell
immunity as chronic viral infection progresses [74-77,92], suggesting that, for good or bad,
the immune system focuses on this direction in chronic virus infections. Even less well
understood than B cell dynamics is the potential role that IFN-Is have toward B cell
modulation in chronic infection. In LCMV and HIV infections, high-affinity virus-specific B
cells are rapidly deleted from the repertoire and neutralizing antibodies are not generated
until late in infection [93]. The B cells that are present often display decreased proliferative
capacity, abnormal subpopulations and a terminally differentiated phenotype. IFN-Is are
associated with polyclonal B cell activation in response to virus infection [94], and the
increased ‘nonspecific’ antibody production, termed *hypergammaglobulinemia’, inhibits
other antibody effector mechanisms, including antibody-mediated phagocytosis and
clearance of infected cells [95,96]. Three papers recently identified a critical role for IFN-Is
in the early deletion of high-affinity antibody-producing B cells during viral persistence
[65,97,98]. Interestingly, the effect of IFN-Is was not directly on the B cells themselves, but
rather IFN-Is directly stimulated CD8 T cells to kill LCMV-specific B cells [65]. Given the
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role of B cells in the control of chronic infection [99] and that long-term B cell responses
were the best correlate with response to anti-PD1 immunotherapy [100], it will be important
to determine how IFNR signaling directly affects B cell differentiation and survival, and/or
whether it has a role in polyclonal activation in the setting of chronic infection.

In cancer, the role of B cells and antibodies is even less clear. B cells are often observed in
conjunction with other TIL populations in multiple tumor types, generating tertiary
lymphoid structures that could foster both B cell function and interactions [101,102]. In
some cases, the presence of B cells in the tumor correlates with enhanced prognosis;
however, how and why is less well understood [103—-105]. Neo-antigens might induce
antibody-targetable epitopes, but whether this is the case is unclear. B cells could also serve
as APCs to modulate T cell responses and/or to generate optimal lymphoid structures and
architecture that enable T cell function. T cell-independent stimulation drives the expression
of IDO in B cells, limiting survival and functional maturation [106] and, although IDO
expression was associated with stimuli that drove significant IFN-I production, it is not clear
whether this was the factor driving the IDONIM phenotype. Likewise, IL-10- and IDO-
producing B cells have been identified in some tumors and are associated with Treg
development [107]. It will be interesting to determine whether this is driven by IFN-I
signaling to balance inflammation, as observed in chronic viral infections.

IFN-I Therapy: Restoring Immunity by Balancing Positive and Negative

IFN-Is as a Therapy

IFN-Is as a monotherapy for chronic viral infection has met with only limited and
controversial success (reviewed in-depth in [108]), although, in combination with
combination antiretroviral therapy (CART), a decreased latent reservoir and longer time to
HIV rebound were observed [109]. A similar variable outcome to IFN-1 therapy is also
observed in cancer treatment (reviewed in-depth in [110]), although, similar to HIV, the
combination of IFN-I with other tumoricidal or immune inducing therapies may prove
effective. There are likely many reasons for clinical failure, including inherent biological
mechanisms of resistance to further IFN-I signaling, changes in the cell populations that
respond to IFN-Is, and institution of counter-regulatory pathways that diminish subsequent
responses to IFN-Is. IFN-Is in combination with the antiviral agent ribavirin have long been
the main anti-HCV therapy [111]. How IFN-Is in this combination contribute to control of
HCV is not entirely clear, but likely includes both direct antiviral mechanisms and immune
stimulation. However, in many cases, this therapy is not effective. This lack of effectiveness
appears to be associated with a high pre-existing IFN-I signature [112,113] that may be
refractory to further IFN-1 signaling or may alter how IFN-I signals are interpreted. In the
latter case, more IFN-I signaling may further reinforce immune dysfunctions. A question
that does arise is whether the natural abrogation of the robust IFN-I production shortly after
infection allows for viral persistence and whether initial IFN-I stimulation could be
augmented to prevent viral persistence. Although likely difficult to implement in the clinic,
when IFN-I signaling was prolonged in the LCMV system through either administration of
IFNa and B or knockout of the negative regulator of IFN signaling OASL1, chronic
infection was prevented [36,37]. Similarly, administration of IFN-Is at the onset of SIV
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infection increased resistance to infection [33], although the ability to control virus by
supplementing with IFN-Is alone waned within 1 week as the host became refractory to
further IFN-1 stimulation [33,37].

In cancer, initial excitement about the potential for IFN-1 therapy has waned as the realities
of the complexities of IFN-I biology and delivery have become apparent. IFN-I
administration shows best efficacy in hematological disease, such as in CML, wherein IFNa
treatment significantly improved survival when administered as part of a combination
therapy [114]. Similarly, data suggest that some patients with myeloma exhibit substantial
benefit from IFN-I treatment as a combination or adjuvant therapy [115,116]. However, in
solid tumors, the results are more mixed. High-dose IFNa adjuvant therapy was associated
with a significant relapse-free response and an overall survival benefit in high-risk patients
with melanoma [117]. By contrast, breast and ovarian cancer response rates to IFN-I therapy
were low and associated with significant toxicity [118-123]. Overall, the cumulative data
suggest that IFN-I therapy is most beneficial against early or disseminated cancer, but much
less effective against established or metastatic tumors. Thus, in both virus models and
cancer, the efficacy of IFN-Is is highest before the infection and/or cancer has robustly
established; however, once established, IFN-I therapy alone is less effective, likely reflective
of adaptive resistance and changes in IFN-I signaling outcomes.

Another important approach currently being explored to target cancer cells is the use of
oncolytic viruses and induction of a virus infection-like state in cancer cells. Oncolytic
viruses target tumor cells due, at least in part, to diminished IFN-1 signaling in the cancer
cells themselves. Although this is likely to be an escape mechanism on the part of the tumor,
it allows the use of oncolytic viruses that are highly susceptible to IFN-I-mediated control
and, therefore, preferentially infect cancer cells without affecting nontumor cells [124].
Interestingly, recent data suggest that DNA-demethylating agents are active against
colorectal tumors by inducing double-stranded (ds)RNA from retroviral elements and
mimicking an IFN-I-induced antiviral state [125]. The activity of 5-AZA-CdR was
dependent on an MDA5-MAVS-IRF7 virus-recognition circuit that induced type Il
interferon and led to a decrease in the self-renewal ability of the cancer-initiating cell
population [125]. Thus, therapies can take advantage of the tumor-intrinsic loss of IFN-I
sensitivity or induce an antiviral state in tumor cells, mimicking IFN-I signaling, although,
as discussed above, this same strategy can also be co-opted by tumor cells to suppress the
immune system to improve their survival and tumorigenic potential.

It is important to consider the roles of other pathways that are induced by IFN-Is and
whether they could serve as viable targets in conjunction with IFN-1 therapy. One obvious
target would be I1L-10, which has well-documented regulatory functions and is a critical
immune-suppressive effector produced in tumors and chronic virus infections [126,127].
However, as is the case with IFN-Is, IL-10 appears to have pleiotropic effects and, in some
cases, may impede antitumor responses, while, in others, it may promote tumor clearance by
driving CD8 T cell differentiation, IFN-y production, and APC maturation [128,129].
Surprisingly, PEGylated IL-10 could reduce intratumoral Tregs despite significant IDO
expression, suggesting that 1L-10 could overcome the IFN-1DO axis of suppression that is
problematic in many cancers [130]. Thus, the overall complexity in the IFN-1 pathway and
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its downstream targets suggests that determining how best to modulate IFN-1 activity and
combinations with other blocking pathways will likely need to be explored based on the
cancer type and the composition of cells present to react to IFN-I signaling.

Blocking IFN-Is as a Therapy

The emerging concept that IFN-I-driven chronic inflammation promotes HIV disease
progression has spurred the idea that blocking IFN-I signaling could reset the immune
response, essentially therapeutically achieving the situation observed in natural SIV hosts
that do not progress to AIDS despite ongoing virus replication [4-6]. The concept that
blocking IFN-1 signaling could be effective was strengthened by the experiments described
above in the chronic LCMV system where blocking IFNR decreased levels of immune
activation and immunosuppression, allowing immune-mediated control of the chronic
infection. To investigate the effect of blocking IFN-I at the onset of SIV infection, Sandler et
al. used an engineered high-affinity IFN-a2 mutant (IFN-ant) to diminish IFN-I signaling
[33,131]. Interestingly, although IFN-ant decreased levels of global immune activation
following infection, the loss of IFN-I signaling increased virus replication (likely due to the
loss of IFN-I-induced antiviral activity) and ultimately accelerated AIDS progression.
Importantly, this study provided a critical cautionary note, about balancing the temporal
regulation of positive and negative aspects of IFN-1 networks in virus infections and
reminded us of the fundamental antiviral role of IFN-Is in limiting infection.

To explore how ongoing IFN-I signaling during the chronic phase of HIV infection
contributed to overall immune activation, T cell dysfunction and HIV replication,
researchers administered an anti-IFNR2-blocking antibody to humanized mice 10+ weeks
following HIV infection [132]. Strikingly, 1 week of anti-IFNR treatment in these HIV-
infected mice reduced the numbers of PD1, Tim3, CD38, and HLA-DR-positive CD4 and
CD8 T cells, and decreased the surface level of these markers on the cells that retained
expression, indicating that immune activation in HIV infection requires constant IFN-I-
dependent stimulation. The decrease in immune activation was accompanied by increased
anti-HIV CD8 T cell responses and a reduction in HIV titers and infected cells [132]. In a
second set of studies, a similar humanized mouse approach was used to investigate the effect
of blocking IFN-1 signaling in cART-suppressed HIV infection [133]. As reported in some
humans with cART-suppressed HIV replication, IFN-I signaling and immune activation
continued at low levels despite undetectable virus replication in the mice. When anti-IFNR1
antibody was given to HIV-infected mice with undetectable virus, the level of immune
activation further decreased, the anti-HIV T cell response was enhanced (something that
CART alone did not achieve), and the size of the reactivatable latent reservoir was
diminished, resulting in a longer time to virus rebound when cART was withdrawn.
Interestingly, combination cART plus anti-IFNR1 treatment led to “blips’ in virus
reactivation that were not observed in cART alone, suggesting that IFN-Is continue to
provide some level of antiviral containment to prevent virus reactivation and/or smoldering
reservoirs during therapy. The blockade of IFNR and the addition of IFN-Is were both
associated with a decrease in the latent reservoir and extension of the time to virus rebound
following cART interruption, suggesting that IFN-Is both prevent and stimulate reactivation
of latent virus [109,133].
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Similar to virus infections, IFN-Is clearly have critical effects required to initiate the
antitumor T cell response. However, data are also starting to indicate that these beneficial
effects are countered by the induction of suppressive mechanisms in cancer. Administration
of an anti-EGFR antibody conjugated to IFNB using a mouse model in which B16
melanoma was engineered to express EGFR led to rapid activation and cross-priming of
CD8 T cells by DCs in a DC-IFNR-dependent mechanism. However, the IFNP component
also increased expression of PD-L1 on the tumor cells and the inclusion of anti-PD-L1 with
the antibody-IFNP conjugate led to tumor clearance [134], indicating that the induced
expression of PD-L1 by IFNP suppressed the antitumor immunity and tumor control.
Likewise, recent data demonstrated that IFN-I signals induced as a consequence of
combination radiation therapy drive adaptive tumor cell resistance to immunity, at least in
part, by increasing PD-L1 expression [13]. Importantly, blocking IFN-I1 signals in this study
(either by genetic ablation of the receptor or administration of JAK inhibitors) was sufficient
to prevent this adaptive mechanism and enhanced the response to checkpoint inhibitors.
However, inhibiting PD-L1 did not completely account for the suppressive effects of IFN-I
following radiation therapy, suggesting that other IFN-I induced pathways, such as IL-10 or
IDO, are involved. Together, these observations suggest that sustained IFN-I stimulation
could be a key tolerogenic circuit induced by injury that, if its downstream effects can be
understood and appropriately targeted, may enable increased responsiveness to immune
enhancing therapies.

an Initially High IFN Signature

A reason for the failure of IFN-1 administration therapy in chronic virus infections and
cancer may be what is termed ‘adaptive resistance’, with cells becoming refractory to IFN-I
signaling due to chronic exposure. In HCV infection, the failure of IFN-I plus ribavirin
therapy is highest in patients with a pre-existing elevated IFN-I signature [113]. A similar
refractoriness to additional IFN-I signaling is observed in HIV and LCMV infection [33,37].
Resistance of cancer cells to IFN-1 signaling is likely often the result of selective mutational
pressure [135]; however, reduced responsiveness will be driven by a variety of additional
factors, including: (i) altered/reduced signaling; (ii) epigenetic modification; (iii) regulatory
feedback attenuating IFN-I circuits; and (iv) transcription and/or translation responsiveness.
Ultimately, regardless of the driving mechanism, once a refractory state is established,
additional IFN-Is would not further enhance the antiviral and/or immune stimulatory effects.
However, refractory and absent are different states, and, although the antiviral and immune-
stimulatory effects of IFN-Is may not be potentiated, IFN-I therapy in the presence of a pre-
existing IFN-I signaling signature may further induce the suppressive counter-regulatory
signals. Thus, a strategy to measure the interferon signature prior to the initiation of therapy
may be beneficial to determine which patients will and will not respond. In situations where
the IFN-I signature is high, it might be possible to initially decrease IFN-I signaling for a
brief time to allow the immune system to recalibrate itself and once again become
responsive to IFN-I in therapy. A total block may not be necessary, but rather it may be
sufficient (and beneficial) to partially decrease IFN-I signaling. Following the ‘IFN-1 break’,
IFN-I therapy may become effective. Understanding how the immune system functions
under variable levels of IFN-I signaling and the effect that providing an IFN-1 ‘holiday’ has
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toward resetting IFN-I sensitivity and immunity will be critical to these next therapeutic
steps.

Concluding Remarks

The role of IFN-Is in chronic virus infections and cancer are complex, often leading to
distinct outcomes depending on the timing, cells present, the cumulative levels of IFN-I
signals, and the IFNa/B subtypes mediating the effects. Compared with virus infections,
relatively little is known about how IFN-Is modulate the immune environment (and tumor
cells themselves) in cancer. However, this is rapidly changing as both the stimulatory and
regulatory aspects of IFN-I induction in malignant neoplastic disease are identified, with
much of this information being gleaned in the past year. Furthermore, it is becoming clear
that the timing of IFN-I administration or blockade can have dramatically different effects,
revealing the intricate underlying biology. Thus, the superficially straightforward
proinflammatory circuit has given way to an intricate, highly ordered, yet poorly understood,
network of feedforward and feedback mechanisms working in a sequential and concurrent
fashion impacting immunity at all levels. The enormous complexity of the IFN-I network
and its implications in health and disease make it imperative that the full spectrum of
regulatory biology be properly explored (see Outstanding Questions). This will reveal key
general as well as disease-specific biology promoting more efficient and targeted therapy.
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Trends

IFN-Is drive multiple feedforward and feedback mechanisms promoting inflammatory
immunity in a regulated fashion. However, in response to chronic exposure, these
regulatory mechanisms may predominate and suppress immunity, thereby promoting
pathogen or tumor persistence.

In viral infection, IFN-Is are induced, often at high levels, by multiple pattern or damage
recognition receptors. In cancer, IFN-Is are likely induced by a more restricted set of
receptors recognizing tumor cell death. The magnitude and mode of death may ultimately
be determinant factors driving the development of functional inflammatory or regulatory
immunity.

IFN-I-induced negative regulatory pathways are emerging as key drivers of chronic
inflammation in chronic virus infections and barriers to anticancer checkpoint-inhibitor
therapy. However, the benefits and risks of therapeutically enhancing or nullifying IFN-Is
and their downstream effectors must be carefully weighed, given the role of IFN-Is as
both drivers and suppressors of immune responses.
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Outstanding Questions

What are the relevant suppressive mechanisms induced by IFN-Is? While IFN-Is induce a
range of regulatory responses, it is likely that some will be more important than others in
limiting efficacy. If these pathways (which are potentially different in different contexts)
can be identified then the effectiveness of IFN-I therapy is likely to improve
tremendously.

What are the signaling and transcriptional networks that differentially induce suppressive
versus proinflammatory immune outcomes? Is it possible to functionally separate pro-
versus regulatory effects of the IFN-1 response? If this could be delineated, it may be
possible to harness all aspects of IFN-Is for inflammatory and tolerogenic therapies.

There is a need to understand how cells become resistant or divergently respond to IFN-I
therapy and strategies to restore sensitivity.

What about autoimmunity? IFN-I responses are key drivers of autoimmune disease. Since
runaway IFN-I activity is a nodal driver of immune dysfunction and pathology, there is a
significant risk that adverse autoimmune reactions could be greater than those seen with
current checkpoint inhibitors with improved IFN-I responses (i.e., devoid of regulatory
feedback). Toxicity is already an issue with IFN-I therapy, thus care must be taken to
assess this potential adverse effect.
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Figurel. Typel Interferons (IFN-Is) Promote and I nhibit Multiple Environmental and Cellular
Functionsto Modulate All Levels of Immunity during Viral Persistence and Cancer.

Most studies in chronic virus infections and cancer have focused on CD8 T cells and these
cells are undoubtedly important in the inability of the immune system to overcome these
diseases. However, CD8 T cells represent an endpoint of a complex set of cellular
interactions, alterations in differentiation, and redirection of factors that underlie the global
deterioration of multiple components of the immune response and ultimately lead to the
attenuation of CD8 T cells and the failure to control these diseases. IFN-Is underlie many of
the cellular functions and dysfunctions observed in chronic virus infections and this is also
now beginning to come to light in multiple cancer types. IFN-Is promote immune maturation
and differentiation from the innate to the adaptive immune response and, in times of chronic
disease, also induce many of the immune dysfunctions throughout the immune response that
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impede virus and cancer control. These range of effects occur simultaneously throughout
chronic viral infection and likely cancer, and ultimately represent a sliding scale dependent
on many things, including the levels of IFN-Is, type of IFN-Is, duration of signaling,
intracellular transcriptional programs, and other signals that cells are receiving.
Abbreviations: MHC, major histocompatibility complex; Tfh, follicular helper T cell; Th, T
helper cells; Treg, regulatory T cells.
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