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ABSTRACT

Asthma is orchestrated by an aberrant immune response involving a complex interplay between multiple inflammatory cell

types. An increase in Th2 cells in the asthmatic airway is a hallmark of asthma, and biologics blocking their effector func-

tions have been life-changing for many severe asthma patients who poorly respond to immunosuppression by corticosteroids.

However, studies in the past decade have highlighted not only other cell types that also produce Th2 cytokines boosting the Type

2/T2 phenotype but also a heightened IFN-y response, primarily from T cells, referred to as a Type 1/T1 immune response. Data

derived from studies of immune cells in the airways and mouse models of severe asthma suggest a role of IFN-y in corticosteroid

resistance, airway hyperreactivity, and also airway remodeling via effects on other cell types including mast cells, eosinophils,

airway epithelial cells, and airway smooth muscle cells. The simultaneous presence of T1 and T2 immune responses is detectable

in the sickest of asthma patients in whom corticosteroids suppress the T2 but not the T1 response. This article has reviewed our

current understanding of the complex T1-T2 interplay in severe asthma highlighting mediators that impact both arms which

may be targeted alone or in combination for disease alleviation.

1 | Introduction

Asthma is increasingly recognized as a complex disease com-
posed of multiple endotypes with unique natural histories,
biomarkers, and responses to therapy [1]. Asthma is highly
prevalent, affecting 4%-9% of the population globally [2], with
difficult-to-control and severe asthma accounting for 4%-20% of
asthma patients depending upon location [2, 3]. Corticosteroids
and bronchodilators have been the mainstay of asthma treat-
ment for a half century [4]; however, these medications are often
insufficient to control severe disease. An improved understand-
ing of the inflammatory underpinnings of asthma has been
necessary to advance asthma care for these patients. In our dis-
cussion of interactions between type 1 and type 2 inflammation
in the asthmatic airway, we begin with type 2 inflammation,

most commonly associated with asthma and responsive to broad
immunosuppression by corticosteroids, then also include type
1 inflammation, which can be induced alone or in parallel in
a subset of the sickest patients and is poorly responsive to cor-
ticosteroids, even when used at high doses. There is clearly an
unmet need for the treatment of these patients since most exist-
ing biologics developed to treat poorly controlled asthma target
various arms of T2 inflammation only.

2 | Type 2 Inflammation in Asthma

The importance of inflammatory pathways in identifying
treatment response in asthma has long been recognized. The
emergence of corticosteroid therapy in the 1950s brought
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about a recognition that patients with sputum eosinophilia
were more likely to have a favorable clinical response to this
treatment [5]. A study by Woodruff et al. showed that Type
2 (T2) inflammation could be detected in approximately 50%
of asthma subjects, and that when randomized to fluticasone
therapy, only the T2 high individuals showed improvement in
forced expiratory volume at 1s (FEV1), confirming the impor-
tance of T2 inflammation in corticosteroid-responsive asthma
[6]. T2-targeted biologic therapies have shown significant effi-
cacy in reducing asthma exacerbations and improving FEV1,
but only when targeted to patients with markers of T2 inflam-
mation [7]; no signal was seen in trials with un-differentiated
asthma [8]. Furthermore, even in T2-high asthma, the re-
sponse is not universal. Some patients have near total disease
remission on therapy (“super-responders”), while many have
partial benefit and some have no improvement [9, 10]. Taken
together, these data clearly show that T2 inflammation is not
universal in asthma, and that even in those with evidence of
increased T2 inflammation, the inability of T2-targeted bio-
logic therapy to universally eliminate disease suggests the
presence of additional inflammatory pathways.

3 | Type 1l Inflammation in Asthma

Type 1 (T1) Inflammation is increasingly recognized in
asthma. The association of T2 inflammation with asthma led
to an early hypothesis that a deficiency in T1 inflammation
may be playing a role, but murine models showed mixed re-
sults, and a therapeutic trial of recombinant IFN-y was inef-
fective [11, 12]. The presence of the T1 chemokine CXCL10
(IP-10) was noted in an ovalbumin (OVA) mouse model of
asthma, suggesting a role in the disease, and notably, CXCL10
transgenic mice exposed to the model had worse airway hy-
perreactivity (AHR) and inflammation [13]. However, in this
study, CXCL10 associated with T2 chemokines rather than T1,
giving a mixed picture of its role [13]. An analysis of CD4*
and CD8* T-cells from sputum in asthma and healthy con-
trols showed increased IL-4, IL-5, and IFN-y with asthma,
also suggesting a role for T1 in addition to T2 inflammation
[14]. Increasing recognition of the importance of asthma phe-
notypes suggested that T1 inflammation may not be universal
but limited to a subpopulation, raising interest in identifying
and characterizing this group [1].

To address this, Raundhal et al. examined bronchoalveolar la-
vage (BAL) cells recovered from healthy controls, mild-moder-
ate, and severe asthma participants. They observed increased
IFN-y* CD4* cells in severe asthma compared to mild-mod-
erate asthma, and culturing these cells resulted in higher lev-
els of IFN-y in the supernatant using cells from severe asthma
patients, with no difference noted in IL-4, IL-17, or IL-5 [15]. To
test this hypothesis, they developed a murine model of severe
asthma by combining house dust mite antigen (HDM) with the
bacterial second messenger cyclic-di-GMP, which resulted in
increased AHR and a significant loss of corticosteroid respon-
siveness, similar to the clinical phenotypes observed in severe
asthma patients [15]. Notably, exposure of Ifng~/~ mice to the
model resulted in loss of the asthma phenotype, while Il17ra~/~
mice had no difference compared to wild type [15]. This sup-
ported a role for IFN-y in severe asthma and supported T1

inflammation as a corticosteroid-resistant pathway of asthma
inflammation.

Gauthier et al. investigated potential mechanisms for corti-
costeroid resistance. The T1 chemokine CXCL10, previously
described in asthma associated with allergy response and T2
inflammation [13, 16], was found to be increased in microar-
ray analysis of BAL cell RNA in severe asthma compared to
mild-moderate asthma or healthy controls, correlating with
IFNG expression. Cxcl10 was similarly elevated in the murine
severe asthma model and associated with Ifng expression, sup-
porting similarities between the model and clinical phenotype
[17]. Prior work hypothesized that IFN-y contributed to corti-
costeroid resistance by inhibiting glucocorticoid receptor (GR)
translocation to the nucleus [18]. However, in vitro analysis
of THP-1 cell response to dexamethasone in the presence of
IFN-y showed preserved activation of GR response elements
by reporter assay and downstream corticosteroid-induced
DUSP1 gene expression [17]. This study showed that the abil-
ity of cells to respond to corticosteroids was not impaired by
the presence of T1 inflammation, yet the clinical phenotype
was rendered steroid resistant.

Confirming these findings, Oriss et al. examined the role of
the T1 transcription factor IRF5 and found that Irf5~/~ mice
exposed to the severe asthma model had reductions in lung
Ifng and IL17a expression, with restoration of corticosteroid
sensitivity seen by improvements in AHR and lung inflam-
mation [19]. These improvements were not seen in an HDM-
only mild-moderate asthma model, suggesting that IRF5 was
critical to the T1 inflammatory pathway in severe disease [19].
Regarding clinical relevance, IRF5 expression was higher in
severe asthma compared to mild-moderate disease in BAL
cell RNA [19].

While pathways of T1 inflammation were being clarified, the
clinical importance of this pathway was becoming more ap-
parent. The presence of T1 inflammation can be identified in
approximately 20%-30% of asthma subjects [17], and a pattern
has been seen across multiple cohorts including the Immune
Mechanisms in Severe Asthma (IMSA) cohort [20], multiple
iterations of the NHLBI Severe Asthma Research Program
(SARP) in the United States [17, 21-23], the UBIOPRED
(Unbiased Biomarkers for the Prediction of Respiratory Disease
Outcomes) cohort in Europe [24], and in pediatric studies [25].
Analysis of microarray data from the entire SARP I/II cohort
showed that ~20% had elevated expression of IFNG in the BAL
and that this correlated with disease severity, oral corticosteroid
use, and exacerbations [21].

Additional work sought to understand what mechanisms were
important for Thl recruitment to the lung. CXCL9 (MIG) and
CXCL10 signal through the receptor CXCR3 [26], which is
important for the recruitment of Thl cells to sites of inflam-
mation in multiple autoimmune diseases [27-29]. Th1 cells re-
lease IFN-y, which can then drive additional local production
of CXCL9 and CXCL10, creating a feed-forward loop to drive
targeted inflammation, which is critical for bacterial and viral
response [30], but may be counterproductive in autoimmune
conditions. CXCR3 had shown variable effects in mild-moder-
ate asthma models, with Cxcr3~/~ mice showing improvement in
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an OVA model [31] but worsening in an HDM model [32], likely
due to limited and variable contributions of T1 inflammation in
these models. Notably, in the severe asthma model that used a
combination of HDM and cyclic-di-GMP, Cxcr3~/~ mice showed
no change from wild type C57B6/6 mice, with preserved AHR,
inflammation and Th1 recruitment to the lung [21], suggesting
an additional pathway capable of Thl recruitment. While Thl
cells in blood are generally CXCR3*", they can also express CCR5
[33], a receptor for the chemokine CCL5 (RANTES), with dual
positivity noted primarily at sites of inflammation rather than
in the blood [34]. This dual positivity was suspected to play a
role in asthma, and while Ccr5~/~ mice also had no change in
phenotype in the severe asthma model, use of the CCR5 inhib-
itor maraviroc in Cxcr3~~ mice significantly reduced Th1 and
Th17 recruitment to the lungs [21]. Notably, use of maraviroc in
wild type mice resulted in significant improvement in lung in-
flammation and AHR despite an intact Cxcr3-induced pathway
in these mice, suggesting a unique role for CCL5 in asthma [21].
Maraviroc was also effective when dosed post-sensitization but
pre-challenge, suggesting CCR5 may be important in eliciting
asthmatic responses after sensitization has been established [21].

The cellular sources of T1 inflammation were investigated further
in the IMSA cohort. This cohort utilized high-dimensional flow
cytometry with 40 combined surface and intracellular markers
by cytometry time-of-flight (CyTOF) to analyze cells obtained by
BAL from healthy control, mild-moderate, and severe asthma
participants [20]. Camiolo et al. then used K-means clustering to
identify immunophenotyped clusters based on BAL cellular pro-
files, with identification of a healthy control/mild asthma group,
a T2Mieh innate-cell dominant group, and a T1Migh/T2variable/
Lymphocyte dominant group [20]. Networking of correlated cell
types identified CD4* and CD8* Tissue Resident Memory T-cells
(TRMs) along with CD161TCCR5* T-cells as key contributors
to the cellular definition of the T1Mi&h/Lymphocyte dominant
group, with these cells strongly positive for IFN-y [20]. Notably,
the CD161tCCRS5™ cells showed the strongest negative association
in the cohort with FEV1, suggesting a particular role in driving
AHR [20]. Another analysis of participants in the Wessex Asthma
Cohort (WATCH) in the UK similarly identified CD4* cytotoxic
TRMs producing non-Th2 chemokines including CCL5 from
bronchoscopy airway brushings, with significantly increased
presence in severe asthma [35]. Additionally, a recent study of
children with refractory wheeze has identified similar T1 TRM
and CD161TCCRS5™ cellular profiles [36].

Notably, the tissue resident memory T-cells identified by Camiolo
et al. were strongly CXCR3* and CCR5™ [22] again suggesting a
role for CCL5 in TRM maintenance and activation. Consistent
with this, utilizing the severe asthma mouse model, research-
ers assessed the ability of maraviroc to block TRM reactivation
by inhibiting CCR5 and showed that mice exposed to maravi-
roc only during a 4-week rest phase (following sensitization and
challenge but prior to reactivation challenge) had a significant de-
crease in IFN-y* and IL-17t TRMs despite no change in overall
CXCR3*CCR5* TRMs in the lung, consistent with impaired re-
activation [22]. These data all support a unique role for T1 inflam-
mation in asthma, likely mediated through T1 CD4* and CD8*
TRM cells and possibly also CD4*CD161*CCR5™ cells in the air-
ways that may lead to refractory corticosteroid-resistant disease.

4 | Evidence for Combined Inflammation

While many studies have examined specific inflammatory path-
ways in isolation, there is increasing recognition that these path-
ways are frequently present together, and how they interact with
each other may be as important in determining disease sever-
ity and treatment response as the individual pathways them-
selves. As first described, T1 and T2 inflammation are classically
counter-regulated [37]; IFN-y opposes the development of Th2
cells while IL-4 and IL-10 inhibit Th1l development [38, 39].
This counterbalance led to a trial of subcutaneous recombinant
IFN-y for steroid-dependent asthma which showed no change
in FEV1 despite a reduction in blood eosinophils by 31% [12].
Trials such as these raised doubts as to the ability of T1 cytokines
to effectively blunt T2-mediated asthma through these counter-
regulatory mechanisms.

Airway targeted studies in asthma are showing a role for com-
bined inflammation. CD4* and CD8" cells from induced spu-
tum in mild to moderate asthma showed increased numbers of
IL-4%/IL-5% as well as IFN-y* cells compared to healthy con-
trols, with the association of CD4™* (for T2) and CD8* (T1 and
T2) with AHR [14]. Analysis of airway brushings by RNAseq
from healthy control and mild asthma showed elevated T2
and T1 signals in asthma; although elevations were not as-
sociated with each other, both signals associated with airway
obstruction [40]. Data from the SARP I/II cohort similarly
showed orthogonal elevations in T1 and T2 inflammation in
severe asthma, but importantly subjects with combined T1
and T2 inflammation showed a high fraction of exhaled nitric
oxide (FeNO) and had the most severe disease [23]. Consistent
with this, analysis of sputum RNAseq data from the SARP III
cohort identified elevated T1 and T2 signaling, again in an
orthogonal pattern, with combined T1 and T2 subjects having
the most severe disease [41]. Notably, when this cohort was
treated with systemic corticosteroids, while the T2 signal was
responsive to corticosteroid treatment, clinical response in T2
individuals was limited to those with isolated T2 high disease,
with mixed T1/T2 individuals showing no clinical response
despite steroid mediated T2 reduction [41]. Further clinical
analysis of the SARP III cohort by sputum identified partic-
ipants with increased CCL5 expression in sputum which cor-
related with CXCL9 and CXCL10 expression consistent with
CCL5 as a T1 chemokine [22]. Notably, CCL5"igh participants
despite being T1Migh had increased T2 biomarkers (absolute
blood eosinophil counts and FeNO), suggesting combined dis-
ease [22].

All these data support an important interaction between T1
and T2 inflammation. While these inflammatory pathways
are noted as orthogonal in cohort studies (Figure 1), the pres-
ence of T1 inflammation appears to impact the response of T2
inflammation to corticosteroids. Although classically coun-
terbalanced, there is clear data that in some asthma patients,
this regulatory process is impaired or may be reversed, with
T1 inflammation possibly promoting T2 inflammation [22].
The mechanisms underlying these potential interactions in-
volving multiple cell types and their mediators (Figure 2) and
the resulting clinical impact are the focus of the remainder of
this review.
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FIGURE1 | Conceptual diagram for the effect of overlapping T1 and T2 inflammation in asthma. T1 and T2 inflammation are orthogonal, but as

they coexist, they exert combined effects that result in a combined worsening of disease secondary to both inflammatory pathways, leading to a poor

response to currently available T2 targeted therapies. Created in BioRender.com.

4.1 | T1 Inflammation and Mast Cells

Mast cells are not only integral to allergic reactions; it is clear
they also mediate asthma pathophysiology [42, 43]. In the air-
ways of healthy individuals, mast cells are present in the sub-
mucosa, but in asthmatic airways, their numbers increase in the
airway epithelium [44, 45] and smooth muscle [46]. Mast cells
harbor a variety of pre-formed mediators such as histamine
and proteases, and upon activation, can also synthesize other
pro-inflammatory molecules that include leukotrienes, pros-
taglandin D2, and also T2 and other cytokines [42, 43]. Upon
release, these mediators cause immediate local reactions such
as bronchoconstriction and edema, followed by late phase re-
actions that promote the infiltration of other cell types such as
T cells and eosinophils into the airways. While various stimuli
can cause mast cell activation triggering the release of these me-
diators, cross-linking of surface IgE upon binding of the cognate
antigen/allergen is the best known. The monoclonal anti-IgE an-
tibody omalizumab blocks the binding of IgE to its high-affinity
receptor FceRI and was the first biologic approved for the treat-
ment of severe asthma [47, 48]. The ability of omalizumab to al-
leviate immediate and late phase reactions in asthma patients
in response to inhaled allergens to which the subjects were sen-
sitized confirmed the pathogenic role of mast cells in allergic
asthma. However, not all asthma patients respond to anti-IgE
therapy, and as discussed below, more recent studies provide

evidence of non-T2 and non-IgE-associated mast cell gene/acti-
vation signatures in human asthma.

Mast cells are strictly tissue resident, limited in abundance, and
not present in circulation, which is an impediment to functional
studies of the cells. Although T2 cytokines are most commonly
associated with mast cell function in asthma, including immu-
noglobulin isotype switching to IgE, T1/IFN-y has also been
implicated. Human mast cells derived by growth factor-induced
differentiation of CD34+ progenitors were shown to express a
functional, high-affinity IgG receptor, FcyRI, whose expression in-
creased several-fold upon IFN-y exposure [49]. FcyRI aggregation
induced by anti-IgG binding subsequent to IFN-y exposure pro-
moted mast cell degranulation with the release of histamine and
multiple cytokines, including TNF-a and IL-13 [49]. Responses
induced via FcyRI stimulation were found to be indistinguishable
from those stimulated via FceRI [50]. In a mouse model of chronic
asthma induced by repeated challenge by OVA without inclusion
of an adjuvant for sensitization, IFN-y/IFNyRI-mediated mast cell
activation was associated with mixed granulocytic airway inflam-
mation, AHR, airway remodeling, and production of several pro-
inflammatory cytokines in the airways [51]. In a study of CD4+
T cells present in bronchoalveolar lavage (BAL) of a subset of
mild-moderate and severe asthma patients enrolled in the SARP
I/11 cohort, a higher Th1/IFN-y immune profile was identified in
severe asthma compared to that in mild-moderate asthma [15].
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mechanisms, resulting in chronic secretion of IFN-y and chemokines such as CCL5, a chemoattractant of T1 cells. T2 cells and ILC2s are components
of the T2 arm of the immune response generated or activated upon exposure to allergens or alarmins, respectively, and can also undergo repeated
reactivation. While T1 and T2 immune responses antagonize each other, their coexistence is evident in a subset of severe asthma patients. T1 and
T2 cytokines, as well as the myriad mediators released by the different cell types, promote oxidative and nitrosative stress in the airway epithelium.

Created in BioRender.com.

A follow-up study of BAL cells of the same cohort and a mouse
model of T1heh severe asthma revealed that while increased ex-
pression of the IFN-y-induced chemokine CXCL10 in the airways
of both mice and humans marked the corticosteroid-resistant T1
phenotype, CXCL10 was also associated with a mast cell gene
signature [17]. In a subsequent study of BAL cells of patients
enrolled in the IMSA program that employed high-dimensional
multiomics and machine learning approaches, a severe asthma-
enriched patient group with a dominant T cell response displayed
a high T1 profile and showed association with a mast cell gene
signature [20]. Figure 3 depicts interactions between mast cells
and a T1 immune response. Another study from the UBIOPRED
program studied mast cell activation signatures in the sputum of
asthma patients [24]. The investigators interrogated mast cell ac-
tivation signatures by comparing the sputum transcriptome with
published mast cell signatures generated from cultured human
blood progenitor-derived mast cells that were either unstimu-
lated or stimulated by FceRI activation, LPS, IL-33, or IFN-y. The
relationship of the mast cell activation signatures with asthma
severity and sputum granulocyte status was examined and also
mapped to three sputum molecular clusters of severe asthma,

labeled as transcriptome-associated clusters (TACs) 1-3, that the
investigators had previously described [52]. The study revealed
differential enrichment of gene signatures depending on clinical
severity, granulocytic profile, and molecular phenotype, showing
that mast cell activation via pathways other than FceRI is evident
in asthma across clinical severity and associates with differential
granulocytic inflammation. While the study did not detect differ-
ential IFN-y-activated mast cell gene signatures across clinical
severity, the IFN-y-activated signature associated with the mo-
lecular cluster TAC2, these patients showing the highest level of
sputum neutrophilia, serum C-reactive protein levels, and inci-
dence of eczema [52]. The relationship between IFN-y and mast
cells may also be bidirectional given that mediators produced by
a human mast cell line were shown to promote IFN-y production
by both CD4* and CD8* T cells [53]. While mast cell activation is
typically associated with degranulation and release of mediators,
it is possible that the impact of IFN-y on mast cells does not cause
overt degranulation but instead results in a slower process of re-
lease of mediators called piecemeal degranulation, also known as
transgranulation [54]. During this process, the mast cells release
their granules but retain the granule membranes in the cytoplasm
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matic airway. Mast cells express both the high-affinity receptor for IgE,
FceRI, and FcyRI, the expression of the latter being augmented sever-
alfold by IFN-y secreted by memory T cells in the tissue (Ty,,, Ty, and
CD4*tCD161*CCR5™" T cells). Both FceRI and FcyRI activation can induce
the release of mast cell mediators. Increased levels of the T1-associated
chemokines CXCL10 and CCL5 track closely in the severe asthmat-
ic airway, together contributing to enhancing the T1 response. IFN-y/
IFNyRI-mediated mast cell activation has been implicated in promoting
all features of asthma, including airway remodeling. Suppression of IFN-
y-mediated SLPI expression from airway epithelial cells also has implica-
tions in airway remodeling. Created in BioRender.com.

such that the cells remain chronically activated with the release of
one or more mediators but do not undergo complete degranula-
tion as induced during an acute hypersensitivity reaction.

4.2 | Mixed Granulocytic Inflammation in Asthma
4.2.1 | Eosinophilsin Asthma

Eosinophils have long been described in asthma, with increased
eosinophil numbers in the airways associated with clinical dis-
ease severity, exacerbation risk, and clinical symptoms. Increased
sputum eosinophils were associated with greater frequencies of
asthma exacerbations in the prior year in the SARP IIT cohort
[55], and a population-based chart review study in the UK showed
that asthmatic patients with baseline elevated blood eosinophil
counts had a higher risk of exacerbation in the following year,
with the level of risk directly correlated to the eosinophil counts
[56]. Eosinophils also track with markers of disease symptomatol-
ogy. Sputum eosinophilia and blood eosinophil counts track with

mucus plugging on CT scan, correlating with worse obstruction
and increased frequency of bronchitis symptoms [57]. Another
analysis from the SARP III cohort utilizing expiratory CT scans
to assess segmental air trapping in the lung showed that sputum
and blood eosinophilia were associated with higher segmental air
trapping scores, suggesting again a role for eosinophils in driving
asthma pathology and symptomatology [58].

Significant literature has shown the importance of eosinophils in
asthma pathogenesis, and multiple treatment modalities are now
utilized targeting eosinophils in asthma. Sputum eosinophils were
recognized early on as strong predictors of corticosteroid respon-
siveness in asthma [59] and can effectively guide inhaled cortico-
steroid dosing in mild to moderate asthma [60]. Eosinophils are
generally corticosteroid responsive, while inhaled {3-agonists do
not have any significant effect on these cells; inhaled corticoste-
roids can significantly reduce eosinophil populations in the lam-
ina propria and epithelium in the lung [61]. However, despite these
data suggesting strong corticosteroid responsiveness, eosinophils
can persist in the presence of corticosteroid therapy. A study by
Wenzel et al. performed bronchoscopies with endobronchial biop-
sies on healthy controls, mild, moderate, and severe asthma, with
severe asthma defined by systemic corticosteroid dependence [62].
While eosinophil numbers in the tissue fell from mild to moderate
disease, in severe asthma a split was noticed, with 20 of 34 subjects
(59%) having tissue eosinophilia that was at or above the levels
seen in mild to moderate asthma despite systemic corticosteroid
therapy [62]. A similar finding was reported by Jatakanon et al. in
induced sputum, with marked eosinophilia in some severe asthma
subjects that was at or above the level seen in mild to moderate
asthma participants [63]. Another bronchoscopy study in children
identified a similar pattern, with 32% of children having steroid-
refractory eosinophilic inflammation [64]. These data support the
idea that not all eosinophils are fully steroid sensitive, and other
pathways may contribute to eosinophil persistence in the presence
of corticosteroid therapy.

Eosinophils rely on interleukin-5 (IL-5) signaling via the surface
receptor IL-5R for chemotaxis as well as pro-persistence signal-
ing once these cells are established in the tissues [65, 66]. In the
last decade, three therapeutic antibodies have been developed
to target this pathway, either by binding IL-5 directly (mepoli-
zumab, reslizumab) or by binding the receptor via the IL-5Ra
subunit (benralizumab), with significant reductions in exacer-
bations and improvements in lung function [7]. However, many
patients have persistent disease despite complete suppression
of the IL-5/IL-5R pathway, with only 50% achieving remission
with regard to exacerbations and 20%-33% obtaining remission
with regard to lung function and symptoms [67]. These data sup-
port the concept that alternative non-eosinophilic mechanisms
of asthma contribute significantly to disease in eosinophilic pa-
tients or that mechanisms of eosinophil persistence in some pa-
tients are not IL-5 dependent.

4.2.2 | Eosinophils and Type 1 Inflammation
While classically associated with T2 inflammation through

the IL-5 and eotaxin pathways, eosinophils, like mast cells,
have been shown to interact with T1 inflammatory cytokines.
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Eosinophils isolated from whole blood could be maintained
in vitro with recombinant IFN-y exposure to a degree similar
to that seen with IL-5 treatment [68]. IFN-y treatment of human
eosinophils also promoted the release of CCL5 from these cells
[69] and exposure of IL-5 transgenic mouse eosinophils ex vivo
to IFN-y resulted in a T1 dominant transcription profile includ-
ing CXCL9, CXCL10, and CCLS5 [70], suggesting that IFN-y was
also able to affect the transcriptional programming of these
cells. In addition to IFN-y responsiveness, eosinophils have also
been shown to express the T1-chemokine receptor CXCR3 [71],
the cognate receptor for the T1 chemokines CXCL9, CXCL10,
and CXCL11. As mentioned above, elevations in CXCL9 and
CXCL10 have been observed in asthma [17, 72-74], suggesting
a pathogenic role that could contribute to eosinophil activa-
tion. Stimulation of eosinophils isolated from healthy donors
with CXCL10 increased eosinophil activation with increases
in ICAM expression and superoxide production, in addition to
increased production of T1 chemokines and IFN-y production
[75]. These data support a role for T1 signaling in eosinophil
persistence and activation.

While T1 inflammatory signals can clearly interact with eo-
sinophils in vitro and ex vivo, there is increasing evidence
that these interactions are clinically relevant. In a murine
study, adoptively transferred eosinophils from sensitized IL-5
transgenic mice into naive mice were able to produce lung in-
flammation and AHR, as well as promote the recruitment of
eosinophils, neutrophils, and macrophages [76]. Eosinophils
in this model resulted in a significant induction of IFN-vy, and
importantly, the transfer of activated eosinophils from Ifng=/~
mice resulted in significantly reduced inflammation and
AHR, suggesting that T1 chemokines were important for eo-
sinophil induction of AHR and inflammation [76]. In a study
examining exercise-induced bronchospasm (EIB) as a marker
of indirect AHR, EIB* asthma subjects had greater epithelial
but not subepithelial eosinophil numbers. RNAseq with path-
way analysis showed that T2 inflammation was increased in

EIB+ subjects, as expected, but the study also identified IFNG
as a key node correlating with intraepithelial eosinophil loca-
tion [77].

There is increasing evidence that eosinophils are not a mono-
lithic cell type, but that subpopulations exist that are relevant
to disease. The interaction of eosinophils with their environ-
ment can yield distinct transcriptional programs. Treatment
of peritoneal eosinophils isolated from IL-5 transgenic mice
with either IFN-y or IL-4 resulted in distinct transcriptional
profiles, with IFN-y producing a T1 profile, as noted above, and
IL-4 producing a more classic T2 profile, suggesting that the
inflammatory milieu is critical for determining eosinophilic
transcriptional responses. Beyond this T1 vs. T2 paradigm,
there is also recognition of differential eosinophil function
within tissue determined by tissue residency (Figure 4). Work
by Mesnil et al. identified Siglec-F"*CD125™CCR3* cells in
the lung as resident eosinophils, populating mouse lungs by
7days of age and then persisting throughout the life span of
the mouse [78]. These cells were different from inflammatory
eosinophils (Siglec-FPe"CD1257CCR3*) which were rapidly
recruited to the lung with exposure to an HDM asthma model,
with inflammatory eosinophils favoring a T2 response and res-
ident eosinophils functioning as immunomodulatory cells in
this model. Importantly, despite both expressing IL-5R, resi-
dent eosinophils were not dependent on IL-5 for survival and
persisted in mice treated with anti-IL5 therapy, suggesting the
potential for anti-IL5 resistant eosinophils in humans [78].
These cells could also be identified in human blood samples
[78] and a study in COPD and asthma showed the presence of
resident eosinophils in peripheral blood in both conditions, al-
though with significantly elevated inflammatory eosinophils
seen exclusively in asthma [79]. These data support the role of
unique eosinophil subsets in human disease, some of which
are T1 responsive. Our understanding of the spatial positioning
of these cells in asthma and how they relate to disease severity
is an ongoing area of inquiry.
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4.2.3 | Combined Neutrophilic and Eosinophilic
Inflammation in Asthma

The rise of anti-IL5 and anti-IL5Ra therapies has led to the di-
vision of asthma into eosinophilic and non-eosinophilic groups
based on perceived likelihood of response to these therapeu-
tics, with non-eosinophilic asthma consisting of neutrophilic
and pauci-granulocytic types based on sputum cellular con-
tent. However, this ignores substantial overlap in neutrophilic
and eosinophilic disease, a subject of significant importance in
asthma.

Airway and sputum neutrophilia are associated with increased
asthma severity. Neutrophilia is associated with increased T1
inflammation [41] and notably, IFN-y can direct neutrophil
chemotaxis to sites of inflammation by upregulation of CCR1
and CCR3, allowing chemotaxis via a CCL5 gradient [80]. In
the study by Wenzel et al., the number of neutrophils in airway
biopsies steadily increased with disease severity, with severe
asthma showing the highest levels of neutrophil infiltration of
the airways [62]. A similar pattern was also noted in induced
sputum, with sputum neutrophil content rising with disease
severity [63]. While this association had been postulated to
be secondary to corticosteroid exposure associated with dis-
ease severity [81], there is increasing evidence that neutrophils
are not bystander cells, but actively contribute to disease [82].
Neutrophils were identified upon histological examination
of the airways in sudden onset fatal asthma [83]. In a murine
model, sensitization of mice to allergen combined with endo-
toxin led to neutrophilic inflammation and the development
of neutrophilic extracellular traps (NETs) through a process of
netosis [84]. NETosis is critical for neutrophil response to patho-
gens, as NETs successfully trap pathogens such as bacteria, pre-
venting spread and allowing phagocytosis [85]. Moreover, the
residual cytoplasts trigger additional inflammation to drive re-
cruitment of further neutrophils and enhance inflammation as
part of the inflammatory response [84, 85]. There is evidence
for this process in human asthma as well, with detectable NETs
and cytoplasts in BAL [84] along with extracellular DNA which
is associated with lower Asthma Control Test scores and higher
rates of chronic bronchitis symptoms [86]. Notably, neutrophils
produce nitric oxide as a key part of the NETosis pathway,
which may contribute to FeNO elevation in some patients with
neutrophilia and severe asthma independent of T2 inflamma-
tion [87]. This process may also not be exclusive to neutrophils,
as eosinophils have also been described to produce extracellular
NETSs through an autoimmune mediated process, which nota-
bly was also refractory to corticosteroid therapy [88]. In a fol-
low-up study of severe asthmatic subjects on anti-IL5 therapy,
failure of therapy response was associated with the presence of
anti-eosinophil peroxidase antibodies, suggesting these autoim-
mune eosinophil features, if present, may also be refractory to
eosinophil-targeted biologic therapy [89].

Neutrophilic and eosinophilic inflammation are not mutually
exclusive. In the Wenzel et al. study, lung tissue neutrophils
were highest in the eosinophilic severe asthma group [62]. Work
in the SARP I/II cohort by Hastie et al. showed that cohort par-
ticipants with sputum eosinophilia (>2%) and neutrophilia
(=40%) had the lowest lung function, increased symptoms, and
higher health care use [90]. A follow-up study in the SARP III

cohort looked at this pattern longitudinally and observed that
combined neutrophilic-eosinophilic asthma had the lowest
FEV1 at baseline and through the 3years of follow-up compared
to all other subjects [91]. This suggests that combined inflam-
matory disease is particularly severe and challenging to treat.
Recent work seeking to understand this link has explored the
role of CCL5 in combined disease. In the SARP III cohort, CCL5
expression in sputum was elevated compared to the healthy
control range, and CCL5 expression tracked closely with the T1
chemokines CXCL9 and CXLC10, suggesting its role as a pre-
dominantly T1 chemokine, but also CCL5"€h participants had
increased T2 biomarkers [22]. CCL5M"g" subjects had both in-
creased sputum lymphocytes and neutrophils consistent with
T1 inflammation, and also increased eosinophils, with an
overall significant increase in mixed eosinophilic-neutrophilic
disease compared to CCL5V subjects [22]. Logistic regression
analysis confirmed that this association was unique to CCL5,
rather than CXCL9 or CXCL10, suggesting a unique role as a
bridging molecule between T1 and T2 inflammation and result-
ing in combined neutrophilic and eosinophilic inflammation in
asthma [22].

4.3 | T1Immunity, Tissue Resident Memory (Tg,,)
Cells and Asthma

CD4* and CD8* Ty, cells are non-emigrating memory T cells
in different tissues that persist for prolonged periods of time
[92-94]. They upregulate molecules that allow them to remain
within the tissue and downregulate CCR7, a chemokine receptor
required for entry into lymphoid tissues. In lung transplant pa-
tients, donor Ty, cells were detected in allograft biopsy for up to
a year after transplant, coupled with concurrent establishment
of new recipient Ty, cells during this time [95]. In the lung, the
establishment of Th2-type Ty, cells was associated with neu-
ronal signaling in early life [96]. While it has been challenging
to attach unique cell surface molecules to Ty, cells, CD4* Ty,
cells frequently express the activation marker CD69, also ex-
pressed by effector/memory T cells in tissues (but not in blood)
and these cells may also express CD103, the «, integrin. CD69*
Ty type cells have also been detected in lymph nodes [97, 98].
CD8* Ty, cells in all tissues express CD103 [93, 99]. The level
of expression of both CD69 and CD103 by Ty, cells varies in
different tissues, with CD8* TRM cells in the lung and the intes-
tines found to express higher levels of CD103 than those in other
tissues [93, 99]. Ty, cells, identified in the lung, intestines, skin,
liver, and brain, provide protective immunity against invading
pathogens through rapid, local production of effector cytokines
such as IFN-y and TNF-a and this protective function of Ty,
cells in different tissues is well documented. In the lung, Ty,
cells have been shown to protect against infections by influenza
[100], respiratory syncytial virus (RSV) [101] and SARS-CoV2
[102]. However, it appears that Ty, cells decline in the lung over
time, as evident in both mice after influenza infection [103, 104]
and in humans after RSV infection [105]. The reason for this de-
cline is unclear, although various alternative mechanisms such
as cell death and egress brought about by tissue damage or lack
of tonic (non-canonical) TGF-f signaling via CD103 have been
proposed [93]. While a protective role of antigen-specific resi-
dent memory T cells that can rapidly mount defense against a
repeat infection by the same pathogen can be easily envisioned,
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their persistence over long periods of time in large numbers may
also prove pathogenic, especially given that cytokine-mediated
bystander activation of Ty, cells has been described [106-108].
This is of particular concern in individuals with chronic dis-
eases such as asthma, especially corticosteroid-refractory severe
asthma, in whom CD8* and CD4* T, cells expressing IFN-y
have been identified in bronchoalveolar lavage cells [20, 35].
These Ty, cells are also strongly associated with gene modules
expressing CCL5 and its receptor CCRS5 [20]. Interrogation of a
mouse model of steroid-refractory severe asthma [15] revealed
the presence of IFN-y+ Ty, cells in the mouse lungs as well
[22]. Notably, targeting CCR5 using the CCR5 antagonist mara-
viroc in the mouse model reduced the frequency of IFN-y+and
IL-17+ Ty, cells upon allergen challenge, suggesting that CCR5
antagonism may reduce reactivation of Ty, cells in asthmatic
airways [22]. Although the antigen specificity of IFN-y+ Ty,
cells in asthmatic airways has yet to be described, viral antigen
carriage [109], auto-antigens (When autoimmunity is a comor-
bidity) [110] or chronic stimulation by inflammatory cytokines
such as IL-18 [111] or others that enable memory T cell mainte-
nance, such as IL-15 [112, 113] may independently or in combi-
nation contribute to the long-term maintenance and activation
of Ty, cells. Uncontrolled IFN-y production by Ty, cells in the
lungs may not only worsen lung function [15] but may also in-
duce premature tissue senescence [114] and epithelial barrier
disruption [115].

4.4 | T1-T2 Interaction and the Airway Epithelium

Airway epithelial injury and sloughing, barrier dysfunction cou-
pled with impaired repair, goblet cell hyperplasia, mucus plug
formation, persistent airway inflammation, and airway remod-
eling are common features of asthma irrespective of the underly-
ing immune heterogeneity and/or disease severity [116]. Airway
epithelial cells (AECs) form a physical barrier that acts as a first
line of defense between the environment and the lung. However,
constant provocation by multiple environmental factors, includ-
ing allergens, toxins, pathogens, and particulate matter, has the
potential to disrupt the AEC barrier [117] resulting in barrier
dysfunction [118]. Allergens with proteolytic activity, such as
Derp 1 present in the fecal pellets of the common allergen house
dust mite or in cockroach allergen, cleave tight junction proteins
in the epithelium and compromise epithelial barrier integrity
[119, 120]. Interaction of allergens with the epithelium can in-
duce the production of multiple pro-inflammatory cytokines and
chemokines in susceptible individuals, and proteolytic allergens
also augment the release of alarmins from the epithelial cells.
The allergens interact with dendritic cells (DCs) both in the epi-
thelium and in the subepithelium when the barrier is breached,
and the processing of these allergens by DCs and their activation
and migration to lung-draining lymph nodes results in Th2 dif-
ferentiation [121]. In addition, the alarmins also activate ILC2s
with secretion of Th2 cytokines [121]. Although T1-mediated
AEC barrier disruption has not been adequately studied, studies
of intestinal epithelial cells have revealed that IFN-y stimula-
tion leads to endocytosis of TJ proteins, occludin, JAM-A, and
claudin [122]. In studies of autoimmune polyendocrinopathy
candidiasis-ectodermal dystrophy (APECED), an inherited au-
toimmune disease caused by loss-of-function mutations in the
autoimmune regulator (AIRE) gene, increased IFN-y production

was observed in Aire™/~ mice, resulting in barrier disruption in
the oral mucosa with promotion of fungal infection [115]. It is
possible that a T1"&" immune response in severe asthma also
promotes barrier dysfunction in the airways.

Like the T2 cytokines IL-4 and IL-13, IFN-y also induces NOS2
in AECs with the production of nitric oxide (NO). Given that
FeNO is a key biomarker of human asthma, FeNO levels in the
asthmatic airway may reflect the combined action of T1 and T2
on the airway epithelium. Indeed, IL-13 and IFN-y were shown
to synergistically promote NOS2 in normal human bronchial
epithelial cells (NHBE) and induce nitrosative stress [123]. In a
UBIOPRED study, analysis of transcriptome data of bronchial
biopsies also revealed an increase in oxidative stress signature
correlating with IFN-y and corticosteroid insensitivity [124] that
may be further augmented by T2 inflammation [123]. However,
as in lymphocytes, antagonism between T1 and T2 cytokines
has also been noted in AECs. In a study of genes induced by
either IFN-y or IL-4 alone or their combination, the cytokines
were found to oppose each other's ability to induce gene ex-
pression, although a subset of genes was spared from this effect
[125]. Interestingly, CCR5 was among IFN-y-induced genes not
inhibited by IL-4 [125].

As discussed above, increased IFN-y level in a mouse model of
severe asthma was associated with enhanced central airway re-
sistance (Rn), which was only partially responsive to the corti-
costeroid dexamethasone [15]. IFN-y levels in both the mouse
model of severe asthma and in human severe asthma inversely
correlated with the expression of serine leukocyte protease in-
hibitor (SLPI) in the AECs. Forced expression of SLPI in the
mice subjected to the severe asthma model reduced Rn, which
was further reduced when SLPI was combined with dexametha-
sone [19]. This inverse relationship between IFN-y and SLPI was
also documented in prior studies [126, 127]. Emphysema caused
by IFN-y overexpression in mice led to upregulation of multi-
ple chemokines, including CCL5, and neutralization of CCR5
reduced inflammatory cytokine levels in the lung and airway
remodeling with an increase in SLPI levels [128]. In a study of
wound healing in the skin, increased generation of TGF-f3 was
observed in Slpi~/~ mice, which promoted wound healing [129].
Given that TGF-{ is a central mediator of airway remodeling, it
is possible that SLPI deficiency caused by a T1"¢h immune status
in severe asthma contributes to airway remodeling that also re-
sults in persistent AHR [130]. In a more recent study, IFN-y was
shown to increase the expression of IL-31RA in primary airway
smooth muscle (ASM) cells from mice [110]. Treatment of mice
with IFN-y increased total airway resistance (Rrs) which was
in attenuated I131ra~/~ mice. It will be interesting to determine
whether IL-31RA also plays a role in IFN-y-induced increase in
Rn. Similar to the effects of IL-13, IFN-y exposure also caused
upregulation of MUC5AC and GOBS5 expression in the AECs
and induced goblet cell hyperplasia [110]. Collectively, whether
an IFN-y-SLPI-TGF-§ axis plays a role in airway remodeling in
severe asthma in humans remains to be determined in future
studies.

Whether genetic predisposition and epigenetic mechanisms in-
fluence the effect of T1 and T2 cytokines on AECs and ASM
cells to promote cellular stress and airway remodeling awaits
future investigation.
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5 | Airway Dysbiosis

The airway is not a sterile location but is home to its own
unique flora of bacteria, fungi, and potentially viruses [131] and
changes in this balance may play an important role in airway/
lung disease [132]. While there has been much interest in the
role of the microbiome in disease onset in asthma [133-135],
research has increasingly supported a potential role for the mi-
crobiome to contribute to asthma severity [136]. Disruptions in
microbiome diversity, termed dysbiosis [137], may contribute
to severity and drive molecular pathways important to certain
asthma endotypes.

The composition, nature, and diversity of the respiratory mi-
crobiome not only play a major role in tolerance versus disease
prevalence but also influence disease severity [136, 138, 139].
Overall, less diversity in the lung microbiota in comparison to
healthy individuals is associated with asthma and general atopy
[140]. In a recent study of participants with poorly controlled
severe asthma, reduced diversity with increased abundance of
Haemophilus and Moraxella taxa was correlated with higher
sputum neutrophil percentages, whereas individuals character-
ized by higher eosinophil percentages had a greater frequency
of Streptococcus, Neisseria, and Gemella [141]. Along with its
strong association with the risk of development of asthma and
its severity, the variance in microbiome also influences the re-
sponsiveness to inhaled corticosteroids (ICS). The prevalence of
Haemophilus, Moraxella, and Streptococcus has also been im-
plicated in steroid refractory severe asthma. A study by Goleva
et al. demonstrated specific expansion of Gram-negative bacte-
ria rich in endotoxin levels in corticosteroid resistant asthmatics
as compared to corticosteroid sensitive asthmatics [142]. While
the specific mechanisms behind microbiome-induced cortico-
steroid resistance remain unclear, the microbiome is known to
modulate the immune response and may impart corticosteroid
unresponsiveness by interacting with components of the innate
immune system. Culturing macrophages from BAL fluid in the
presence of Haemophilus parainfluenzae did in fact render these
cells less responsive to corticosteroids [142]. Corticosteroids
can also be metabolized by components of the microbiome,
as demonstrated using human colonic bacteria [143] and bac-
terial families associated with corticosteroid biodegradation
pathways were enriched in ICS non-responders as compared to
the responders [144]. These data support a direct involvement
of the microbiome in metabolizing steroids, thus blunting their
effectiveness. Another issue that has been raised is the possibil-
ity of steroid-induced changes in lung microbiota [145] which
might also be detrimental, although the confounding factor of
increased steroid need in severe asthma has made sorting out
causality and association challenging. Potentially supporting a
causal effect is the efficacy of macrolide therapy in asthma, with
post hoc analysis of the AMAZES trial for chronic azithromy-
cin therapy in severe asthma showing significant reductions in
Haemophilus burden without overall changes in total bacterial
load [146]. Overall, however, the data support the hypothesis
that disruptions in the bacterial airway microbiome can con-
tribute to asthma severity.

The microbiome has the potential to affect the inflammatory
profile of the lung. This is already well described in T2 inflam-
mation with allergic bronchopulmonary aspergillosis, where

non-invasive airway colonization is able to elicit a robust im-
mune response to impact asthma management [147]. Chronic
airway inflammation from bacterial dysbiosis or viral carriage
may lead to persistent T1 elevation in response, contributing to
mixed inflammation in asthma. Notably, mouse models of T1-
dependent severe asthma have been able to generate this phe-
notype by pairing traditional allergen (HDM) with a bacterial
second messenger (cyclic-di-GMP) to obtain the resulting T1
dominant inflammatory signal with asthma features (AHR,
mucus production, peribronchovascular inflammation) [15].
Clinical support for this hypothesis exists as well, with spu-
tum T1 inflammatory signal in the SARP III cohort showing
increased prevalence of viral transcripts (despite no viral symp-
toms) [109]. A pediatric study of severe asthma utilizing bron-
choscopy for lower airway sampling showed a high prevalence
of T1 inflammation associated with recoverable respiratory vi-
ruses and bacteria [25]. Notably, lower airway bacterial and viral
signatures were not returned in all participants in either study,
suggesting that these were not the sole cause of T1 inflammation
in asthma. However, these data support the idea that disruption
in the microbiome may lead to persistent T1 inflammation in
some patients, resulting in mixed inflammatory disease and im-
pacting asthma control.

5.1 | T1Inflammation and Alarmins

The epithelial-derived cytokines IL-25, TSLP, and IL-33, called
alarmins, have been implicated in asthma pathogenesis, an im-
portant effect of these molecules being stimulation of T2 cyto-
kine secretion by ILC2s, which express the receptors for these
molecules. Allergens with protease activity that include those
present in fungi and viruses have been shown to cause ILC2
activation via the release of IL-33, IL-25, or TSLP from airway
epithelial cells in mice and humans [148-150]. Interestingly,
allergen-experienced ILC2s persist after initial activation and
respond more vigorously to a subsequent stimulation similar
to memory T cells [151]. However, the effector function of these
alarmins, the most studied being IL-33, is not just limited to the
promotion of T2 responses. In a mouse model of airway provoca-
tion induced by virus, bacteria, or cigarette smoke, lung resident
ILC2s showed decreased GATA-3 but increased T-bet and IFN-y
expression in a process related to IL-12 and IL-18 signaling [152].
A similar observation was made in humans [153]. A heightened
IL-33 response has been associated with multiple respiratory
viral infections [154]. However, while an exaggerated IL-33 re-
sponse induced by a viral infection is undoubtedly deleterious in
the setting of asthma, IL-33 was shown to exert a protective role
during viral infections by promoting a cytotoxic antiviral CD8* T
cell response and preserving the stemness of Tcf1t CD8* T cells
during chronic viral infection [155]. Collectively, this brings into
focus a complex circuitry among cell types and mediators when
discussing T1-T2 relationships in severe asthma. An increase in
IL-18R1 expression and downstream signaling was documented
in the airways of severe asthma patients [111]. More recently,
the density of intraepithelial eosinophils in asthmatic airways
was shown to positively associate with IL-18R1 and IFN-y [77].
In coculture experiments, IL-18 and IL-33 both increased the
expression of IFNG, IL13, and IL18 in eosinophils, suggesting
that when epithelial cells, eosinophils, and immune cells such
as ILC2s and TRM cells are in close apposition, both T1 and T2
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immune responses can exist simultaneously in the peripheral
tissue, and as discussed above, they do not necessarily oppose
each other as evident during T cell priming and differentiation
in lymphoid tissues [39]. That being said, because of the inherent
tendency of one arm of the immune response to cross-regulate
the other, blocking one completely may upregulate the other, as
discussed in the following section.

5.2 | Implications for Therapy in Asthma

The presence of multiple pathways has implications for disease
management as this can affect the response of disease to thera-
peutics. When two pathways are present contributing to disease,
therapy targeted towards a single pathway may be ineffective
for the other pathway, leading to only partial response. While
T2 inflammation is classically corticosteroid responsive [6, 41],
T1 inflammation is resistant to corticosteroid therapy [41, 156],
decreasing the responsiveness of asthma to corticosteroid ther-
apy. As already discussed above, the ChIP assay demonstrated
GR-STAT1 cooperation at interferon response elements in the
CXCL10 promoter, suggesting that corticosteroid exposure may
augment T1 inflammation over time [17].

Biologic therapies in asthma primarily target components of the
T2 pathway with no observed effect on T1 inflammation [7].
While tezepelumab is approved in all asthma, including T2-low,
data from the NAVIGATOR study showed efficacy was tied to
the degree of T2 inflammation [157]. While partial response in
participants who meet biomarker criteria has been recognized
for some time, a recent report examining biomarkers of clinical
response to mepolizumab and omalizumab showed that negative
correlations between T1 and T2 chemokines predicted response
better than absolute levels, suggesting patients with inflamma-
tion in both pathways are less likely to respond to these thera-
pies [158]. Dual pathway elevation is increasingly recognized as
a potential issue with dupilumab, which significantly suppresses
T2 inflammation through blockade of the IL-4Ra subunit. As T2
inflammation is able to provide a brake to T1 inflammation [38],
in patients where both pathways are increased, the loss of T2 in-
flammation has the potential to lead to unrestrained T1 inflam-
mation. This potential risk is observed in reports of increased
incidence of T1 and IL-17 mediated diseases, including psoriasis
[159] and seronegative arthritis [160, 161].

Other mechanisms may also contribute to disease management
challenges when multiple pathways are present. In addition to
one pathway augmenting the other pathway, as we have noted
above, the potential for T1 inflammation augmenting aspects of
T2 inflammation in asthma, one pathway may also impact the
ability of the other pathway to respond to treatment. This possi-
bility is illustrated in the persistence of eosinophils in bronchial
biopsies and induced sputum in severe asthma despite cortico-
steroid therapy [62, 63]. Notably, analysis of RNAseq data from
bronchial brushings in the IMSA and SARP III cohorts showed
that the expression of corticosteroid response genes (upregulated
in subjects on inhaled corticosteroids) positively correlated with
asthma clinical outcomes, but that the presence of T1 inflamma-
tory gene signature identified asthma subjects with poor corti-
costeroid gene response to ICS, suggesting an inhibitory effect
[162]. Full analysis of the SARP III sputum RNAseq dataset

confirmed this, showing that while T2 inflammation responded
to systemic triamcinolone administration regardless of T1 status,
clinical benefit from systemic corticosteroid therapy in terms
of FEV1 improvement was seen only in participants who were
T1tow/T2High with no significant response in the T1High/T2High
group, again supporting an inhibitory effect of T1 inflammation
on clinical response to corticosteroid therapy [109].

6 | Concluding Remarks

It is increasingly clear that despite having broad immunosup-
pressive functions, corticosteroids fail to temper the T1 arm
in the context of a mixed T1-T2 immune response observed
in the sickest of asthma patients. Thus, suppression of the T2
immune response alone is inadequate to achieve clinical ben-
efit in patients who harbor a mixed immune response in their
airways, requiring a novel approach for their treatment. One
such approach is to break the critical nodes in the circuitry
among multiple cell types that feed the mixed inflammatory
response. As discussed in this article, increased expression
of molecules such as IL18R1, CCL5, and IL-33 has the poten-
tial to incite both the T1 and T2 arms by promoting interplay
between multiple cell types to fuel the asthma phenotype. It
is important to note that among these molecules, IL-33 was
shown to defend against viral infections by promoting CD8*
T cell function. Therefore, while blocking the deleterious
Th2-promoting effects of IL-33 using itepekimab would be
desirable, it would also have the unintended consequence of
blocking its beneficial anti-viral effect in individuals particu-
larly prone to viral infections and ensuing asthma exacerba-
tions. As discussed, interactions between T1 and T2 immune
responses in asthma not only involve the T1 and T2 cells but
also multiple other cell types and their mediators, and thus
treatment of mixed T1-T2 disease needs to take into consid-
eration both the complex effector functions of some of the key
players as well as the concept of immune cross-regulation for
optimal clinical response.
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