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Abstract Chronic rhinosinusitis (CRS) is a prevalent disease
that is associated with significant costs and quality of life impair-
ments. Currently, patients are classified into subgroups based on
clinical characteristics, most often the presence or absence of
nasal polyps. However, despite medical and surgical treatment,
many of these patients continue to have symptoms. Recent ef-
forts have focused on gaining a more complete understanding of
the inflammatory mechanisms that drive pathogenesis in CRS,
and it is becoming clear that the inflammatory processes in CRS
are quite complex. As our understanding of these complex phe-
notypes improves, it may become possible to classify patients
into endotypes based on unique inflammatory patterns within the
sinus mucosa. This information may also lead to the identifica-
tion of appropriate targeted therapies for different endotypes.
This review will discuss our current understanding of endotypes
in CRS along with the unique adaptive immune responses that
may contribute to these different endotypes and, finally, some
potential targeted therapeutics for the next generation of CRS
treatment strategies.
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Introduction

Chronic rhinosinusitis (CRS) is a chronic disease of the upper
respiratory system that affects about 10–12% of the popula-
tion [1, 2]. Despite the high prevalence, quality of life impair-
ment, and costs associated with CRS, the key inflammatory
mechanisms that drive inflammation and persistence in this
disease remain unclear. Currently, patients with CRS have
limited treatment options; medical management of CRS fre-
quently fails to sufficiently improve symptoms and many pa-
tients ultimately have endoscopic sinus surgery to remove
inflamed sinus tissues and relieve symptoms [3]. Many re-
searchers have been focused on elucidating these mechanisms
with the goal of identifying new treatment options for CRS
patients. From this work, it is clear that the inflammatory
process in CRS is complex, and it involves multiple arms of
the immune response. The goal of this review is to summarize
the current knowledge regarding different classifications of
CRS patients and how the adaptive immune response plays
a role in disease pathogenesis in different subgroups of CRS
patients. The innate immune system also plays very important
roles in the pathogenesis of CRS, but that topic is beyond the
scope of this review and has recently been comprehensively
summarized elsewhere [4].

Classification of CRS Patients

Clinical Classifications

CRS is clinically classified into two phenotypes based on
the presence or absence of nasal polyps on endoscopic
examinat ion: CRS with (CRSwNP) and without
(CRSsNP) nasal polyps [1, 5]. CRSwNP can be further
divided to include a subset of patients with aspirin-
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exacerbated respiratory disease (AERD), which is charac-
terized by severe manifestations of CRSwNP and asthma,
in addition to respiratory reactions to aspirin and other
inhibitors, such as NSAID, of the COX-1 enzyme [6].
There are additionally rare but unique subsets of CRS that
can be attributed to a specific genetic disorders such as
cystic fibrosis, a pathogenic organism such the fungal spe-
cies causing allergic fungal rhinosinusitis, or dental condi-
tions that will not be discussed in this review [5, 7]. Studies
suggest that the overall symptom burden of CRSsNP and
CRSwNP have significant overlap, with patients in both
groups demonstrating similar overall total symptom scores
on quality of life instruments. However, it has been sug-
gested that the symptoms that cause the biggest problems
for CRS patients are distinct between CRSsNP and
CRSwNP groups, with facial pain/pressure, headache,
and cough being more bothersome in CRSsNP, whereas
CRSwNP patients are significantly more bothered by nasal
obstruction and hyposmia/anosmia [8–10]. Given that pa-
tients with CRS have relatively few treatment options, and
a significant subset of patients do not respond to these
treatments, it is important to determine how to tailor treat-
ments to optimize outcomes and reliably identify patients
for the treatments best suited to their underlying
pathophysiology.

Endotypes of CRS

It is apparent that these current clinical definitions of CRS
patient subsets lack complete insight into the pathophysio-
logic underpinnings of these diseases. Many groups are now
investigating whether CRS patients would be better classi-
fied on the basis of symptom patterns or using patterns of
inflammation measurable within the mucosa or serum to cre-
ate more specific CRS patient endotypes [11–13]. The pro-
ponents of endotyping in CRS suggest it will better identify
patients for targeted therapy. Importantly however, currently
available and approved treatments for CRS, such as endo-
scopic sinus surgery or corticosteroids, are effective for many
patients, regardless of their inflammatory phenotype.
Nonetheless, not all patients respond to these traditional
treatments, and longer-term follow-up suggests that
CRSwNP phenotype is associated with increased recurrence
[14]. Furthermore, exciting new data from clinical trials has
demonstrated efficacy for therapies specifically targeting
type 2 inflammation in CRSwNP patients providing critical
insights into disease pathogenesis (discussed below) [14–16].

Classically, CRSsNP has been characterized by in-
creased levels of type 1 inflammatory mediators, including
IFN-γ, while CRSwNP has been characterized by in-
creased levels of type 2 inflammatory mediators, including
IL-5 and eosinophils [1, 17]. Recently, two simultaneously
published studies, one by our group and the other by an

international consortium sampling from five countries
across three continents, demonstrated that surgically man-
aged CRSwNP in Western countries (e.g., Germany,
Belgium, and the USA) are almost universally (∼80–
90%) characterized by elevated levels of type 2 cytokines,
such as IL-5, IL-13, and eosinophil granule proteins, in-
cluding eosinophilic cationic protein (ECP) or Charcot
Leyden Crystal protein [18, 19]. Unlike the Western pop-
ulations studied, the Chinese populations studied had sig-
nificantly less frequent eosinophilia and may have a dis-
tinct pathophysiology [19–21]. In contrast, CRSsNP ap-
pears endotypically more heterogeneous, with 30–50%
of patients exhibiting elevated type 2 inflammation,
making it the most common endotype identified. These
results were quite surprising, given the long-held tenet
that CRSsNP was primarily driven by type 1 inflamma-
tion. Moreover, within both types of CRS, there were
smaller subsets of patients who had elevated IL-17
(∼15%) or IFN-γ (5–23%), particularly within the
CRSsNP phenotype (Fig. 1). Together, these findings
suggest that CRSwNP is pathobiologically more homo-
geneous than CRSsNP and that there is a sizable subset
of patients with CRSsNP who are endotypically similar
to patients with CRSwNP. These types of observations
further support the concept of endotypic classification of
CRS based on the inflammatory patterns found within
nasal tissue. In fact, a recent study suggests that
endotypes influence the prevalence of comorbidities
[22]. However, the number of patients in each endotypic
group in this study was small, and whether treatment
outcomes or patient symptoms were distinct among the
endotypes used remains unclear. Altogether, these stud-
ies suggest that endotyping has the potential to predict
treatment outcomes and help select more effective ther-
apies in the future, but significant validation of these
endotypes will be needed before they can be clinically
useful.

Adaptive Immunity in CRS

T Cell Responses

Several groups have investigated the potential role for T cells
in CRS (Fig. 1). In fact, T cells appear to be the predominant
lymphocyte population in the nasal mucosa from CRS pa-
tients, particularly in CRSwNP nasal polyps [23–25]. Early
studies that used immunohistochemistry found that CD3+ T
cells were increased in both CRSsNP and CRSwNP tissues
[26].More recently, Derycke and colleagues used flow cytom-
etry and intracellular cytokine staining to more fully charac-
terize the T cells in sinus tissues of CRS patients [27]. They
found that the frequency of CD3+ T cells was significantly
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Fig. 1 Adaptive immunity in CRS. CRSsNP (top) is characterized by a
mixed inflammatory phenotype. This includes Th1, Th2, and Th17 cells.
Cytokines produced by these cells, including IFN-g, IL-4, IL-13, and IL-
17, may contribute to chronic inflammation through activation and/or
skewing of innate effector cells such as dendritic cells and neutrophils,
and these cytokines represent potential therapeutic targets. In addition,
IgD-secreting plasma cells are elevated in the nasal mucosa of these
patients, and this may be driven by IL-2. CRSwNP (bottom) is
characterized by a type 2 inflammatory environment. This includes Th2
cells that produce IL-4, IL-5, and IL-13, all of which are potential

therapeutic targets, and can contribute to the activation, recruitment, or
skewing of innate effector cells such as dendritic cells, eosinophils, mast
cells, and basophils. In addition, there is a large increase in the number of
antibody-secreting cells in the nasal mucosa. These cells can produce
autoreactive IgG and IgM that can bind to components of the basement
membrane and activate compliment, as well as high levels of IgE, another
potential therapeutic target. The cytokine BAFF is also elevated in
CRSwNP tissues, may be important for local activation of B cells, and
could also be a therapeutic target
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increased in CRSwNP compared to CRSsNP or control nasal
tissue, but they did not find an increased frequency of these
cells in CRSsNP compared to control tissue [27].
Interestingly, they reported that Th1 cells, based on IFN-γ
staining, were the most common T cell population in
CRSwNP, CRSsNP, and control mucosa, but Th2 cells (IL-4
or IL-5 producing CD3+CD4+ cells) were only detected in
CRSwNP tissues. They also detected other heterogeneous
populations of T helper cells including Th1, Th22, Th17,
and T follicular helper cells in both control and CRS tissues
[27]. It is important to keep in mind that these T cell pheno-
types were identified from surgically removed tissues, and it
remains to be determined whether these T cell profiles can be
identified based on the cytokines they produce, which could
potentially be measured in nasal lavage fluids. Such studies
will be needed before our knowledge of distinct T cell subsets
in the nasal mucosa can be used to reliably group patients into
a particular endotype for targeted treatment prior to surgery.

In addition to inflammatory T cell subsets, T regulatory
cells (Tregs) have also been studied in CRS. Early studies
focused on analyzing the gene expression of FoxP3, the
master transcriptional regulator of Tregs. These studies
found that expression of FoxP3 was decreased, both at
the mRNA and protein level, in CRSwNP. They also found
decreased expression of the regulatory cytokines IL-10 and
TGF-β, suggesting a deficiency or a dysfunction of Tregs
in CRSwNP tissues [20, 28]. These findings were further
supported in a separate study that found decreased percent-
ages of FoxP3+CD8+ Tregs in both eosinophilic and non-
eosinophilic nasal polyps [29]. In contrast, another study
reported that the overall frequencies of CD4+ Tregs
(CD3+CD4+CD25+FoxP3+) were significantly higher in
CRS tissues compared with controls, while CD8+ Tregs
(CD3+CD8+CD25+FoxP3+) were significantly reduced in
CRSwNP by means of flow cytometric analysis [30]. Some
of the discrepancies in these findings may be due to the fact
that in humans FoxP3 is expressed by both Tregs and ac-
tivated effector T cells. As such, additional markers were
needed to accurately identify whether Tregs were respon-
sible for these observations in human tissues. In a study by
Miljkovic and colleagues, more specific markers of human
Tregs were used to identify these cells in CRS tissues by
flow cytometry. In contrast to the prior studies, this study
found that Tregs (CD45+CD4+CD25+CD127low) were sig-
nificantly elevated in CRSwNP nasal tissue compared to
CRSsNP [31]. This suggests that perhaps the Tregs found
in CRSwNP tissues are not effective at controlling inflam-
mation in this environment. Importantly, another recent
study has suggested that glucocorticoid treatment, which
is commonly used to treat CRSwNP, may directly increase
the numbers of Tregs (CD4+CD25+CD127low) in nasal pol-
yp tissue, and thus, concurrent medical treatment may have
significantly affected the frequency of Tregs detected [32].

Taken together, even though numerous studies indicate that
Tregs play an important role in inflammatory diseases, fur-
ther studies are needed to delineate the function of Tregs in
CRS pathogenesis, as well as the effect of medical treat-
ment on their numbers and function, given the conflicting
results in the literature [4, 33].

B Cell Responses

As with T cells, there is mounting evidence that B cells
may play and important role in the pathogenesis of CRS,
especially in CRSwNP (Fig. 1). B cell activating factor
of the TNF family (BAFF) plays a critical role in B cell
survival and differentiation to plasma cells, and it has been
shown to be highly elevated in nasal polyp tissues [34, 35].
In line with this, early studies demonstrated elevated ex-
pression of the B cell marker CD19 and the plasma cell
marker CD138 in CRSwNP tissues [26]. In addition, using
flow cytometry, we have reported that plasma cells, which
are terminally differentiated antibody-secreting cells, are
also highly elevated in nasal polyps [36]. More recently,
it has been reported that B cell activation events that occur
within nasal polyps are distinct from the classical activa-
tion mechanisms used in germinal centers, and this differ-
ence may be important for the overall increased levels of
activated B cell subsets found in nasal polyps [37].
Another recent report has demonstrated that B cells that
express CD180, which is an unconventional member of
the toll-like receptor family that plays an important role
in B cell activation and proliferation, are also elevated in
nasal polyps compared to control sinus tissue [38].
Altogether, these data suggest that activated B cells are
highly elevated in CRSwNP, and they may play an impor-
tant role in the pathophysiology of disease. However, more
studies are needed to determine the mechanisms by which
B cells contribute to disease pathogenesis in CRSwNP.

Given that activated B cell subsets are highly elevated in
CRSwNP, it is not surprising that several groups have re-
ported elevated antibody levels of every isotype in nasal
polyps as well [37, 39, 40]. In addition, it has been dem-
onstrated that B cells in nasal polyps are activated locally
to undergo class switch recombination, similar to what has
been seen in allergic rhinitis [37, 39]. This suggests that the
local inflammatory environment may play a key role in the
development of potentially pathogenic antibody responses.
While the specificity of these antibodies remains largely
unknown, there is evidence that some of the IgE in nasal
polyps is specific to proteins produced by Staphylococcus
aureus and that some of the local IgG and IgA in nasal
polyps are autoreactive [40–43]. Both of these types of
antibodies could play very important roles in the inflam-
matory response that occurs in nasal polyps. In addition,
recent work has identified elevated levels of activated
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components of the classical, or antibody-mediated, com-
plement pathway [44]. This provides further evidence to
support the notion that antibody-mediated events may play
a role in the inflammatory processes in CRSwNP.

While increased levels of IgE, IgA, IgM, and IgG anti-
bodies are found in CRSwNP, increased levels of soluble
IgD (sIgD), along with abundant IgD+ plasmablasts, are
found in nasal tissue in a subpopulation of CRS patients,
more commonly among patients with CRSsNP [45].
Mucosal sIgD was associated with high local IL-2 levels
and the presence of pathogenic bacteria in the sinonasal
microenvironment. These findings suggest that IgD might
contribute to enhancing protective mucosal immunity or,
by contrast, represent a pathologic inflammatory response
possibly driven by superantigenic effects. These investiga-
tions significantly advance our understanding of IgD and
IgD-producing B cells in the setting of sinonasal inflam-
matory disease.

Targeting Treatment to Inflammatory Patterns
in CRS

As presented above, it is evident that adaptive immune re-
sponses are upregulated in the mucosa of CRS patients, in-
cluding local elevations of B and T cell subsets, and the anti-
bodies and/or cytokines produced by these cells [33, 46]. In
recent years, the repertoire of approved treatments for specif-
ically targeting aspects of the adaptive immune system have
dramatically increased. However, our persistent lack of under-
standing of the key inflammatory mechanisms driving CRS
has limited the availability of these novel treatments for use in
CRS. Thus, few of these targeted medications have been spe-
cifically studied in CRS, and none are currently approved for
use in CRS. When considering targeting specific aspects of
the adaptive immune response, it is also important to consider
that the primary impairment suffered by patients with CRS is
on their quality of life. Thus, while epidemiologic studies do
associate CRS with incident lower airway disease and cere-
brovascular events, the efficacy of novel targeted treatments
for CRS has to be weighed against potential risks and costs of
treatment.

To date, all published randomized controlled trials
(RCTs) of targeted therapies in CRS have examined the
efficacy of monoclonal antibodies targeting aspects of type
2 inflammation in CRSwNP patients (Table 1). In the first
omalizumab (humanized anti-IgE) study, 14 patients (12/
14 CRSwNP) were randomized to receive placebo or sub-
cutaneous omalizumab every 4 weeks for 6 months [48].
Patients in this study had non-significant decreases in ra-
diographic disease severity from 76.1 to 60% pre- to post-
treatment. Similarly, none of the secondary outcomes, in-
cluding nasal endoscopy scores, SNOT-20 scores,

olfactory testing, nasal peak inspiratory flow, or eosinophil
levels in nasal lavage, were significantly different in the
treatment group. In contrast, a separate study randomized
24 allergic and non-allergic patients with CRSwNP to re-
ceive 4–8 doses of subcutaneous omalizumab or placebo
[47]. Patients in the treatment arm were noted to have sig-
nificantly decreased endoscopic nasal polyp scores and
Lund-Mackay CT scores, regardless of their atopic status.
Patient reported measures including nasal and asthma QoL
measures, and symptom questionnaires also demonstrated
significant differences. The fact that this treatment was
effective in both atopic and non-atopic patients suggests
that omalizumab may have therapeutic benefits that are
independent from decreasing IgE. The contrasting findings
presented in these two studies may be due to differences in
patient selection criteria, length of treatment, and/or timing
of the measurements after the treatment.

Similarly, mixed results have been published for
monoclonal antibodies targeting IL-5. A phase 1 study
of 24 CRSwNP patients compared placebo to a single
1- or 3-mg/kg intravenous dose of reslizumab (human-
ized anti-IL-5) [49]. The study authors noted that the
drug was well tolerated in patients but that there were
no significant differences in nasal polyp size across treat-
ment groups, although subgroup analysis demonstrated
potentially increased efficacy among patients with high
tissue levels of IL-5 [49]. A separate study examined 20
CRSwNP patients who were randomized to receive
mepolizumab (anti-IL-5) or placebo [50]. This study
found that 60% of the treated group, compared to 10%
of the placebo group, had reductions in polyp size,
postnasal drip, and improved olfaction. In addition, pa-
tients in the treated group had decreased blood eosino-
phil levels, ECP, and blood IL-5R expression at 8 weeks.
Again, these studies suggest that there may be a benefit
for treatment with anti-IL-5, at least in a subset of
CRSwNP patients.

The most recent randomized trial examined the efficacy
of dupilumab, a fully humanized antibody targeting the
common alpha subunit of the IL-4 and IL-13 receptor.
In this multicenter study, 60 CRSwNP patients were ran-
domized to receive weekly dupilumab or placebo for
16 weeks [15]. Seventy percent of treated patients, com-
pared to 20% in the placebo group, had polyp size reduc-
tion at 16 weeks. Significant improvements were also re-
ported in Lund-Mackay CT scores, patient reported mea-
sures, and olfactory scores. Together these studies estab-
lish that type 2 inflammation, especially those mediated
by IL-4 and IL-13, are likely to be pathogenic in patients
with CRSwNP. Active ongoing and future clinical trials
will help to better delineate the length of treatment and
the patient subgroups most likely to benefit from these
novel therapies.
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As discussed above, the proliferation of B cells and
antibody production may have pathogenic consequences
in CRSwNP. There is mounting evidence demonstrating
the development of autoreactive B cell responses in nasal
polyps and an increased activation of the classical comple-
ment pathway in nasal polyps [42–44, 51]. These findings
suggest that the growing armamentarium of anti-B cell
therapies used in treating autoimmune diseases may also
be of therapeutic value in CRS, especially in patients with
nasal polyps (Table 2). The best-characterized anti-B cell
agent in clinical use has been rituximab (anti-CD20),
which is indicated for use in rheumatoid arthritis and gran-
ulomatous polyangiitis [52]. However, rituximab use is
also associated with increased rates of sinopulmonary in-
fections, low, but concerning, rates of serious infections,
and rarely progressive multifocal leukoencephalopathy.
Unfortunately, this risk profile is likely unsuitable for
treating a quality of life illness like CRS, and the potential
for increased sinopulmonary infections is unlikely to be
acceptable to CRS patients who already suffer an increased
frequency of airway infections [53, 54]. Another drug,
belimumab, targets the cytokine BAFF and has recently
been approved for use in systemic lupus erythematosus.
As discussed above, BAFF has previously been reported
to be elevated in CRSwNP tissue, and its expression levels
are correlated with increased local CD20 and IgA expres-
sion [34]. Importantly, safety studies of belimumab to date
demonstrate comparable rates of sinopulmonary infections
as placebo-treated groups [55]. Together, as increased ex-
perience with anti-B cell therapies is gained, safe options
with potential efficacy in CRS may be identified for future
study in CRS.

Conclusions

CRS is a complex and very heterogeneous disease, and it is
becoming clear that defining patient subsets based solely
on differences in clinical presentations may not be suffi-
cient to adequately treat all patients. A better understand-
ing the different inflammatory patterns within the tissue
and sinuses of these patients may help to pave the way
for new definitions of patient groups or endotypes. This
information could then be used to more specifically target
inflammatory pathways that contribute to disease patho-
genesis. There are currently several different drugs that
have been approved for the treatment of diseases other than
CRS but which target specific aspects of the adaptive im-
mune response that may contribute to CRS pathogenesis.
Moving forward, new studies are needed to determine
whether any of these available treatments could be benefi-
cial to specific groups of CRS patients.T
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