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ABSTRACT: Microneedles have been demonstrated to be a minimally invasive 8 ?
technique for sampling dermal interstitial fluid (ISF). Shotgun quantitative —
proteomics has already identified hundreds of proteins in ISF and quantitatively Py E
compared the proteome to matching serum and plasma. Interstitial fluid was Dermal
determined to be a viable minimally invasive alternative to blood-derived fluids. In Interstitial
Fluid

this communication, we re-examined the proteomic data from previous work to
determine the diversity of immunoglobulins present compared with serum and
plasma. Similar to our previous findings regarding the proteomic content across fluid
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types, ISF had a similar composition of IgG, IgA, IgD, and IgE antibodies as plasma

or serum and lower quantities of IgM, which reflects the relative concentrations of dermal tissue T-cell and B-cell populations,
indicating that the Ig’s were likely locally derived. This work has significant implications for the utility of measuring Ig’s in ISF
for the clinical diagnosis of immunological diseases and skin infections. Data are available via ProteomeXchange with identifier

PXDO0126S58.
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B INTRODUCTION

Blood and blood products are commonly used for the
detection, diagnosis, and surveillance of disease. The detection
and diagnosis of pathogens in the blood may involve the
culture, isolation, or amplification of nucleic acids. However,
the diagnosis of diseases, including those not caused by
etiological agents, may also be accomplished by serological
analyses. Serology, as used in disease diagnostics, involves the
identification of antigen-specific immunoglobulins (Ig’s) or
antibodies. In a similar manner, serology can also be used to
evaluate vaccine efficacy because the ability of the vaccine to
elicit antibody responses is often used as a marker of
immunogenicity.

Antibodies are composed of two light chains and two heavy
chains that assemble into two antigen-binding regions and a
single constant region' in a Y-shaped configuration.” There are
two types of light chains (1 and «) and five types of heavy
chains (a, 8, & 7, and u).> The two heavy chains are held
together via disulfide bonds, forming the trunk of the antibody,
and one heavy chain is linked to one light chain by another
disulfide bond, forming an arm of the antibody.’ Proteolytic
cleavage of antibodies at the hinge regions yields two antigen-
binding Fab fragments and the Fc constant fragment." Whereas
the Fab fragments are responsible for the specificity of
antibodies to antigen, the Fc region mediates antibody effector
functions via the interaction with Fc receptors (FcR) that are
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expressed on the surface of leukocytes.”> On the basis of Fc
regions, antibodies are divided into five main classes: IgA, IgD,
IgE, IgG, and IgM,6 corresponding to heavy chains @, 6, €, ¥,
and p (Figure 1).” IgG accounts for 75% of the Ig present in
the serum, and in humans it is further subdivided into four
subclasses, IgG1, IgG2, IgG3, and IgG4, with respective serum
compositions of 67, 22, 7, and 4%.” IgA accounts for 15% of
serum antibodies and is also subdivided, but into two
subclasses, IgAl and IgA2.” Finally, IgM is present as 10% of
Ig’s in the circulation, whereas IgD (<0.5%) and IgE (<0.01)
are found at much lower levels.”

The expression and secretion of the different antibody
classes in response to an infection or antigen is temporal and
dependent on the nature of the antigen. IgM and IgD are
coexpressed on antigen-naive B cells as monomers.” As an
initial response to a primary exposure to antigen, naive B cells
secrete pentameric IgM. The IgM opsonizes antigen and
initiates the activation of the complement system, resulting in
the phagocytosis or destruction of the antigen.”* Because IgM
secretion is associated with primary antibody responses to
antigen, it is often used for the detection or diagnosis of acute
infections or acute exposure to antigen. Later on during the
adaptive immune response, the B cells can undergo class-
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Figure 1. Five classes of immunoglobulins and generalized structure.
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switching via T-dependent or T-independent cell mechanisms,
resulting in the secretion of IgGs, IgA, and IgE.3 IgGs can
recognize antigens and bind to Fc gamma receptors (FcyRs),
which are differentially expressed by leukocytes. The IgG
subclasses bind FcyRI-IV selectively and with varying affinities,
and these interactions result in a broad range of effector
functions that include antibody-dependent cytotoxicity,
phagocytosis, and the modulation of immune factors such as
proinflammatory cytokines.” In addition, IgG can also bind
Clq to initiate complement’ as well as neutralize viruses and
toxins.” IgG1 and IgG3 responses are triggered by soluble and
membrane-bound proteins, whereas IgG2 is triggered by
bacterial polysaccharide antigens and IgG4 is triggered by
allergens.” IgE also responds to allergens, binding to FceRI on
mast cells to trigger degranulation, as well as the synthesis of
cytokines and chemokines.'® IgE is associated with allergic
disorders, but it may also protect against parasitic infections.'°
Whereas IgA is also present in the circulation, it is typically
associated with mucosal immunity and is the predominant Ig
found in milk, saliva, tears, and mucosal secretions.'' Less is
known about secreted IgD, but recent studies suggest a role in
mucosal homeostasis.'” In short, the different antibody classes
and subclasses exist to fight exposure to a variety of antigens.

Knowing where, when, and why certain antibodies are
secreted is useful in the detection and diagnosis of pathogens
and disease. As mentioned before, blood is commonly used in
a variety of methods to detect or diagnose infections and
diseases. However, blood draws are invasive procedures that
require trained personnel, may be painful and uncomfortable
to the patient, and have little utility for real-time monitoring
applications. Moreover, blood requires additional laboratory
processing to separate into useful components like serum,
plasma, or cells for analyses. An alternative to blood may be
found in the interstitial fluid (ISF) that can be sampled using a
minimally invasive and painless microneedle approach.'”"*
Skin also possesses twice the concentration of T cells than are
present in blood circulation at any one point'> as well as fixed
memory T cells to control immune responses and tissue
homeostasis.'® Efforts have used skin applied arrays to detect
P. falciparum rPfHRP2 and total IgG.'” Furthermore, a
wearable immunoassay patch allowed for selective IgG
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sampling.'® Additional studies have been begun to evaluate
pharmacokinetics and biomarkers in ISE."” Previously, we used
a shotgun quantitative proteomic approach to characterize the
dermal ISF and found that it was similar in composition to
plasma and serum.” In this study, we further analyzed ISF
samples for immunoglobulin content and compared it to
matching plasma and serum.

B EXPERIMENTAL SECTION

The previously collected spectra®® were reanalyzed against a
FASTA database containing 35 unique sequences. This
FASTA file (Supporting Information) was generated by
downloading all sequences from UnitProt that contained the
keywords “immunoglobulin heavy constant” and “Homo
sapiens”. The database used to search the data against was
simplified to streamline data analysis. All data were processed
using the SEQUEST HT algorithm21 using Proteome
Discoverer 2.1 SP1 software (Thermo Fisher Scientific,
Waltham, MA). Search parameters of the analysis included a
precursor mass tolerance of 10 ppm, a fragment mass tolerance
of 0.6 Da, a maximum of two missed cleavage sites, and a
minimum peptide length of 6. Modifications included dynamic
modifications of oxidized methionine [+15.99 Da] and
acetylated N-protein terminus [+42.011 Da] and static
modifications of carbamidomethylation of cysteine [+57.02
Da], N-terminal TMT 6plex [+229.163 Da], and TMT
labeling of lysine [+229.16 Da]. Peptide spectrum matches
(PSMs) were based on g value (FDR = 0.01) using the
Percolator algorithm.”> Peptide identifications were also
manually confirmed. Additional filters were set to obtain
only identifications with high-confidence PSMs, high protein
confidence (<1% FDR), and a minimum of two peptides and
one protein-unique peptide identified in a protein, with only
unique/razor peptides considered for quantitation. MS2
spectra above a coisolation interference threshold of 50 and
MS3 average reporter signal-to-noise (S/N) threshold of 10
were selected for reporter quantification. Reporter ion
quantification was based on MS3 spectra at an integration
tolerance of 20 ppm, with the peak integration method based
on the most confident centroid.
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Table 1. Identified Immunoglobulins from Interstitial Fluid and Their Quantitative Comparison to Plasma and Serum

immunoglobulin description accession % coverage  no. PSMs  no. unique peptides  serum/ISF  plasma/ISF
IgAl heavy constant alpha 1 P01876 63 369 8 1.3 1.3
IgA2 alpha-2 heavy chain PODOX2 S7 230 8 1.0 1.0
IgA2 heavy constant alpha 2 (fragment) A0A0G2JMB2 70 256 1 1.1 1.2
IgD delta heavy chain PODOX3 40 32 3 1.0 0.9
IgE epsilon heavy chain PODOX4 4 2 2 1.0 1.3
IgG1 gamma-1 heavy chain PODOXS 63 1026 15 0.8 0.9
1gG2 heavy constant gamma 2 P01859 60 828 7 0.8 0.8
IgG3 heavy constant gamma 3 P01860 66 696 10 0.9 0.9
1gG4 heavy constant gamma 4 (fragment) AOA286YF]8 43 593 S 1.0 1.0
IgM heavy constant mu P01871 72 357 9 1.5 15
IgM mu heavy chain PODOX6 44 251 2 1.6 LS

B RESULTS AND DISCUSSION

Our analysis revealed that IgM, IgD, IgG1—4, IgA1-2, and IgE
were all present in the ISF based on the identification of
peptides that corresponded to their respective heavy-chain
regions (Table 1). Both kappa and lambda light chains were
also identified from our database search but are not associated
with a particular Ig; as such, they were excluded from this
analysis. Additionally, we identified two other sequences
during our analysis, accession numbers AOAOAOMSO09 and
P01764. However, because these sequences were not
associated with a particular Ig or were not quantitated across
all TMT channels, they were removed from the data presented
in Table 1. Furthermore, the relative quantification of IgG1—4
in the serum or plasma to the ISF yielded serum/ISF and
plasma/ ISF ratios of 0.8 to 1.0, suggesting that IgG content in
the ISF is similar to IgG content in the blood. IgAs, IgE, and
IgD were also present in similar levels within ISF with ratios
ranging from 0.9 to 1.3. Interestingly, IgM was the only Ig that
was found to vary from blood, with levels in ISF found to be
50—60% lower compared with plasma and serum. This is
explained by the naturally lower levels of skin-derived B cells
found in healthy subjects over that in normal systemic
circulation.”> However, circulating B cells will migrate from
circulation to peripheral tissues upon infection as a secondary
immune response that dramatically increases cytokine
production as well as the levels of IgMs and T-cell-
communicative Ig’s. The size of the Ig’s indicates that they
are too large to normally diffuse across capillary membranes
and are therefore likely locally derived from skin T-cell and B-
cell populations, which makes the skin particularly appealing as
a unique source for the clinical diagnosis of Ig’s.

B CONCLUSIONS

ISF may be a viable alternative to blood for use in the
detection and diagnosis of pathogens and disease by leveraging
the immunoglobulins present. Using proteomic analysis, we
discovered that ISF had a similar composition of IgG, IgA, IgD,
and IgE antibodies as plasma or sera. In contrast, IgM was less
abundant in the ISF compared with plasma or sera, likely due
to the lower concentration of B cells in healthy skin. The
relatively large size of these molecules makes it highly
improbable that they could passively diffuse from the
vasculature into the ISF, as is the case with glucose;24
therefore, they are likely locally derived from T-cell and B-cell
populations found in the skin. However, increased vascular
pressure from the device used”’ could cause endothelial walls
to expand and allow macromolecules to diffuse that would
otherwise be confined due to their size.”> The size of secreted
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Ig’s ranges from ~150 kDa for monomeric antibodies such as
those of the IgG class to ~1000 kDa for pentameric IgM.”° It
is possible that the Ig’s are moving into the ISF by utilizing a
transport receptor that has been described for transcytosis of
polymeric Ig’s into mucosal secretions. Dimeric IgA or
pentameric IgM is bound by a polymeric Ig receptor that is
expressed on the basolateral surface of mucosal epithelial cells;
the complex is internalized and transported through
vesicles.'"”” IgGs can also be transported by neonatal Fc
receptor (FcRn), which is expressed on vascular endothelial
cells and intestinal epithelial cells and coordinates bidirectional
transfer between the circulation and tissues.”® FcRn is also
present in placental syncytiotrophoblasts, making it possible
for the transport of maternal IgG to the fetus.”®

The current study analyzed three sets of ISF, serum, and
plasma samples from healthy individuals. However, it would be
more valuable for future analyses to study how the overall
protein composition (including Ig content) changes in the ISF
in response to infection, vaccination, or other exposure to
antigen. The characterization of changes in the Ig composition
based on the type of antigen (e.g., bacterial, viral, allergen, self)
and route of exposure (e.g., airborne vs vector-borne) would
help in the assessment of ISF as an alternative to blood for the
detection of diseases.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jproteo-
me.9b001S5S.
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