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Trafficking receptor signatures define
blood plasmablasts responding to
tissue-specificimmune challenge

Yekyung Seong,"? Nicole H. Lazarus,"® Lusijah Sutherland,"? Aida Habtezion,* Tzvia Abramson,*
Xiao-Song He,*® Harry B. Greenberg,*¢” and Eugene C. Butcher"?

Laboratory of Immunology and Vascular Biology, Department of Pathology, Stanford University School of Medicine,
Stanford, California, USA and the Veterans Affairs Palo Alto Health Care System, Palo Alto, California, USA. Program of
Immunology, Stanford University School of Medicine, Stanford, California, USA. *The Center for Molecular Biology and
Medicine, Veterans Affairs Palo Alto Health Care System, Palo Alto, California, USA. “Division of Gastroenterology and
Hepatology, Stanford University School of Medicine, Stanford, California, USA. *San Jose State University, Department of
Biology, San Jose, California, USA. ®Department of Medicine, Stanford University School of Medicine, Stanford, California,

USA. "Department of Immunology and Microbiology, Stanford University School of Medicine, Stanford, California, USA.

Antibody-secreting cells are generated in regional lymphoid tissues and traffic as plasmablasts
(PBs) via lymph and blood to target sites for local immunity. We used multiparameter flow
cytometry to define PB trafficking programs (TPs, combinations of adhesion molecules and
chemoattractant receptors) and their imprinting in patients in response to localized infection or
immune insults. TPs enriched after infection or autoimmune inflammation of mucosae correlate
with sites of immune response or symptoms, with different TPs imprinted during small intestinal,
colon, throat, and upper respiratory immune challenge. PBs induced after intramuscular or
intradermal influenza vaccination, including flu-specific antibody-secreting cells, display TPs
characterized by the lack of mucosal homing receptors. PBs of healthy donors display diverse
mucosa-associated TPs, consistent with homeostatic immune activity. Identification of TP
signatures of PBs may facilitate noninvasive monitoring of organ-specific immune responses.

Introduction

Plasmablasts (PBs) are generated in lymphoid tissues associated with sites of antigen challenge, and circu-
late via the lymphatic and blood circulation to home to target tissues where they undergo further matura-
tion into antibody-secreting plasma cells (ASCs). PBs are present in low numbers in the peripheral blood of
healthy individuals. After acute infection or in settings of active immune responses, however, the frequency
of blood PBs increases dramatically, peaking 7 to 9 days after immunization or the onset of illness (1-3)
and reflects the dissemination of recently antigen-activated B cells (4, 5; reviewed in refs. 6, 7). Circulating
PBs then home to target tissues where they further differentiate into mature ASCs.

Early studies of IgA ASC homing from the blood to the gastrointestinal tract showed that recruitment is
tissue selective but independent of antigen specificity (4), and it is now widely accepted that homing is medi-
ated by specialized combinations of adhesion and chemoattractant receptors (herein referred to as trafficking
programs or TPs) that mediate interactions of circulating PBs with vascular endothelium in target tissues.
Studies in the mouse have implicated 0437 and its vascular ligand mucosal vascular addressin cell adhesion
molecule 1 (MAdCAM]1) in IgA ASC localization and function in intestinal immunity (8); CCR10 and its
mucosal chemokine ligand CCL28 in IgA PB homing to the lactating mammary gland (9) and to the intes-
tines (10, 11), especially to the colon (12, 13); and CCRY and its ligand CCL25 in small intestinal homing
(10, 14). In humans, studies of blood-borne PBs after intestinal rotavirus (1) or Shigella (3) infection or follow-
ing experimental intestinal immunization (15, 16) have shown high-level expression of intestinal trafficking
receptors that target antigen-specific IgA ASCs to the intestines, where they locally produce secretory IgA at
the sites of infection or antigen administration. In contrast, systemic immunization protocols induce ASCs
with higher expression of CD62L (L-selectin) (15, 16). These studies showed that different homing receptors
are imprinted on PBs as a function of immune challenge in the small intestines versus subcutaneous tissues,
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Figure 1. Plasmablast frequency in donor blood. (A) Percentage of plasmablasts (PBs) (log scale) among
total lymphocytes. Black symbols represent patients with PB frequencies > 0.25%, dark gray symbols

are samples with PBs below 0.25%. (B) IgA* and IgA- (predominantly 1gG) PB percentages. The statistical
significance of IgA* versus IgA- frequencies within a patient class is indicated (paired ratio, 2-tailed t test).
For each patient class, the total number of samples (and those with PB frequencies > 0.25% in parenthe-
ses) are as follows: gastrointestinal infection (Gl), 13 (8); ulcerative colitis (UC), 19 (5); celiac disease (CeD),
7 (2); upper respiratory infection (URI), 25 (13); streptococcal infection (Strep), 6 (4); intramuscular trivalent
influenza vaccination (TIV), 28 (7); intradermal TIV (ID-TIV), 13 (5); healthy donor (HD), 14 (0).
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but were limited in the range of recep-
tors and clinical settings examined.
Importantly, they raised the possibil-
ity that specialized TPs might be pro-
grammed by the microenvironments
in other tissues as well. Elucidation of
such TPs might allow identification
of circulating PBs participating in
immune responses in specific organs
and tissues of the body, providing a
window on localized immunity.

In this study, we have taken
advantage of the surge of blood-
borne PBs that appear 7 to 9 days
after symptom onset to elucidate TPs
of PBs in volunteers following infec-
tious or inflammatory illnesses local-
ized to mucosal sites or defined sys-
temic immune challenge. Our results
reveal a remarkable diversity of TPs

for blood-borne PBs, and define signature TPs that are reproducibly imprinted on PBs during immune
responses in the small versus large intestines, the throat, the upper respiratory tract, or in response to intra-
dermal or intramuscular flu vaccination. The identification of imprinted TP signatures may permit nonin-

vasive blood monitoring of antibody responses in various mucosal tissues.

Results

Elevation of PB numbers in patients. We stained human peripheral blood mononuclear cells (PBMCs) with a
cocktail of antibodies to define circulating PBs, and characterized the expression of a set of chemoattrac-

tant receptors and adhesion molecules (i.e., TPs). For patients after influenza vaccination, blood was taken

7 days after immunization (17). Patients with ulcerative colitis or celiac disease donated blood samples dur-

ing periods of active symptoms as assessed by clinical scores (see Methods). Subjects with acute infectious

symptoms in intestines or symptoms of food poisoning donated blood samples 7 to 9 days after the symp-

tom onset. These donors provided information about the symptoms of their illness through interview and
a questionnaire, including subjective evaluation of the presence, duration, and severity of upper respira-
tory symptoms (cough, nasal discharge, sore throat), gastrointestinal symptoms (nausea, vomiting, cramp-
ing and/or diarrhea/dehydration), and systemic symptoms of fever and myalgia (Supplemental Table 1;
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.90233DS1).
Patients with similar symptoms or with known diagnoses were grouped into patient classes for analysis;
these included patients with gastrointestinal symptoms of unknown etiology (GI), ulcerative colitis (UC),

celiac disease (CeD), upper respiratory infectious symptoms (URI), patients with culture-proven strepto-

coccal infection or symptoms limited to sore throat and fever (Strep), and patients after intramuscular
trivalent influenza vaccination (TIV) or intradermal TIV (ID-TIV). Healthy donors (HDs), with no history

of recent illness, were evaluated for comparison.

We initially assessed the frequency of PBs among PBMCs. PBs were identified by fluorescence gating
as CD38" among CD4* lineage marker—negative lymphocytes; the gating strategy is illustrated in Supple-

mental Figure 1. Total PB frequencies were elevated in many patients compared with healthy controls, but
the frequency of PBs in each clinical setting was variable (Figure 1A). In the blood of HDs, evaluated PBs

did not exceed 0.25% of total lymphocytes. This percentage was selected as a cutoff for our analyses of TP

correlation with patient disease and symptoms.

Surface IgA* PBs were gated separately from IgA~ PBs. In most settings of infection or influenza
vaccination, IgA~ PBs are predominantly IgG expressing, although they may comprise IgM ASCs in pri-

mary immune responses (2). IgA* and IgA~ PBs were generally increased in parallel in patients, although
IgA* PBs were more frequent in patients with GI symptoms, CeD, or HDs, whereas IgA~ PBs were

enriched following influenza vaccination (Figure 1B).

insight.jci.org  https://doi.org/10.1172/jci.insight.90233
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Figure 2. Diversity of plasmablast
trafficking receptor expression.
(A) Principal component analysis
(PCA) distinguishes intestinal from
respiratory infection by contribu-
tion of all 7 trafficking receptors to
the population variance. Cells from
patients with each symptom are
colored as indicated. (B) Barnes-Hut
t-distributed stochastic neighbor
embedding (tSNE) plots, illustrat-
ing 99 clusters used for analysis.
Each dot indicates an individual
cell. (C) tSNE output shows the
relationship of the clusters to indi-
vidual trafficking receptor expres-
sion patterns. High expression is
colored as red and low expression
as blue. tSNE1 and tSNE2 axes
were determined by tSNE. (D)

IgA* (blue) and IgA- (red) PBs are
similarly distributed throughout all
99 clusters. The ratio of 500 IgA*
to 500 IgA” PBs from each patient
is between 0.275 in cluster 24 and
3.096 in cluster 30. In panels A-D, n
= 44 patients. (E) Clustergram with
4,000 cells colored by individual
healthy donor (left, 500 cells from
each donor, 8 donors total) and
with 2,000 cells randomly selected
from the healthy donor pool (right).

Patterns of trafficking receptor
expression define discrete subsets of
PBs. The trafficking of blood
leukocytes is determined by the
specific combinations of adhe-
sion molecules and chemoat-
tractant receptors expressed
by individual cells. We used
multiparameter flow cytom-
etry to study the patterns of PB
expression of 7 receptors with
well-characterized involve-
ment in tissue- or inflamma-
tion site-selective lymphocyte
recruitment from the blood,
or association with selectively

recirculating lymphocyte populations. These included the trafficking receptors integrin a4f7, recep-
tor for the intestinal vascular addressin MAdCAM]1; CCR10, chemoattractant receptor for mucosa-
associated epithelial chemokine CCL28; CCRY, receptor for the small intestinal chemokine CCL25;
cutaneous lymphocyte associated antigen (CLA), ligand for the vascular adhesion receptor CD62E
(E-selectin) expressed in cutaneous sites; and CD62L, the lymphocyte selectin homing receptor for

lymph nodes and sites of chronic inflammation. We used a recombinant human P-selectin (CD62P)-Fc

chimeric protein to stain for functional binding sites for vascular P-selectin, implicated in leukocyte

homing to sites of inflammation. In addition, we stained for CD49f (integrin a6), whose function in

trafficking is unclear but whose expression distinguishes memory T cells recirculating through the skin

and lung versus gastrointestinal tissues (18).

insight.jci.org  https://doi.org/10.1172/jci.insight.90233



. RESEARCH ARTICLE

insight.jci.org

We first asked if PBs could be segregated into discrete classes or clusters based on their trafficking recep-
tor profiles. For this analysis, fluorescence intensities of expressed trafficking receptors were exported for 500
individually gated IgA* PBs and 500 IgA~ PBs from each patient (fewer for some healthy donors, in whom
PB numbers were limiting). Principal component analysis (PCA) of cells based on their trafficking recep-
tor profiles revealed that each of the receptors contributed significantly to the variance in PB phenotypes.
PBs from patients with URI, GI symptoms, and from influenza vaccinees were differently distributed. High
CD62L and CLA expression was associated with PBs from patients with URI, and CCR9, CCR10, and
04p7 with patients with GI symptoms or disease (Figure 2A). However PCA, used singularly, failed to define
discrete disease- or symptom-associated trafficking receptor profiles (combinations of receptors).

To define clusters of PBs based on trafficking receptor profiles, we used the Barnes-Hut variant of the
t-distributed stochastic neighbor-embedding (tSNE) algorithm. As implemented through automatic classi-
fication of cellular expression by nonlinear stochastic embedding (ACCENSE) (19), tSNE supports visual-
ization and statistical evaluation of clustering (20). The algorithm identified well-delineated groups of PBs,
indicating that PB TPs are nonrandom (Figure 2, B and C). We used a cluster number of ~100 to ensure
that the cells within each cluster were relatively homogeneous in trafficking receptor profile, while retaining
sufficient cells in most clusters to power statistical analysis of cluster association with patient classification.
The tSNE-generated clusters are illustrated in Figure 2B. Even the most similar clusters differed 4- to 5-fold
in mean fluorescence intensity for at least 1 trafficking receptor and/or 2- to 3-fold for several, differences
that are likely to be functionally significant. Although not discussed further, roughly comparable clusters
(and downstream results) were obtained using a self-organizing map algorithm.

The results revealed a surprising diversity of expression profiles on circulating PBs. Figure 2C shows
the expression of each trafficking receptor as visualized in the tSNE map. Each of the 99 clusters comprised
cells from many different patients including HDs (Figure 2, D and E), and most donors’ PBs comprised
cells from many if not all clusters, ruling out a major effect on clustering from sample-specific technical
artifacts or of patient-specific phenotypes.

All tSNE-defined clusters encompassed both IgA* and IgA~ PBs, indicating that PBs of different iso-
types can be similarly imprinted. However, the ratio of IgA* to IgA~ PBs differed substantially between
clusters (Figure 2D) and also disease class (as shown in Figure 1B). The ratio ranged from 0.3 IgA* to
IgA~ PBs in cluster 24, to 3.1 IgA* to IgA~ PBs in cluster 30. Logistic regressions of IgA* to IgA™ ratios for
cluster-patient class, or for cluster or patient class individually showed that TPs (cluster ID) and patient
class are independently predictive of PB IgA expression (P = 0). Thus, even when the correlation of disease
class and TP (cluster) is considered, imprinted TPs remain strongly correlated with and predictive of PB
isotype expression. The results suggest that environmental factors that imprint TPs and control isotype
switching may share some commonality.

Association of PB TPs with sites of immune activity and disease symptoms. We next evaluated the representa-
tion of PBs within each cluster in individual patients with localized symptoms or after influenza vaccina-
tion. We limited this analysis to samples with an elevated PB response (compared with healthy donors),
defined arbitrarily as having a PB frequency of greater than 0.25% of blood lymphocytes (see Figure 1A).
Of the 115 study participants enrolled, 44 patient samples (8 GI, 5 UC, 2 CeD, 13 URI, 4 Strep, 7 TIV, and
5 ID-TIV) met the percentage PB cutoff criteria and were included in the dataset. Eight HD samples were
included for comparison; thus, 52 total samples were used for analysis. The relative number of PBs from
each donor falling within each cluster is displayed as a heatmap in Figure 3A. Clusters are ordered in the
heatmap by unsupervised hierarchical clustering; the figure shows that the distribution of cells in the 99
clusters is related to the disease class.

Correlation of individual patients by their cluster profiles (the percentage of PBs per cluster within
each patient, for all clusters) is illustrated in Figure 3B. The representation of cluster-defined PB subsets is
more often akin in patients with similar clinical classification or symptoms, and often quite distinct between
patients in different classes. Together, the results demonstrate that a common array of relatively distinct
TPs can be imprinted upon PBs in most or all individuals, but suggest that the representation of PBs in
these different TPs is a function, at least in part, of recent tissue-specific immune activity.

Enrichment of tSNE-defined PB phenotypes with patient class. To determine whether any tSNE-defined PB
TPs (clusters) were significantly enriched in immunized or sick patients of a given class, we applied ANOVA
to a correspondence table of the percentage of each patient’s PBs in 98 of the 99 tSNE-defined clusters. One
cluster, selected as the cluster with the least correlation with patient class, was excluded so that values for the

https://doi.org/10.1172/jci.insight.90233 4
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Figure 3. Distribution of plasmablasts among
tSNE-defined clusters. (A) Heatmap illustrating the
number of plasmablasts (PBs) in each cluster for each
individual patient (n = 52). Barnes-Hut t-distributed
stochastic neighbor embedding (tSNE)-defined clusters
are indicated on the x axis and ordered by unsuper-
vised hierarchical clustering via Pearson’s correlation

of cluster PB profiles (profiles of PB frequencies in

the cluster for all patients). Colored branches of the
dendrogram indicate clusters that are statistically
enriched for a given patient class as indicated (ANOVA).
(B) Pairwise Pearson’s (linear) correlation of patient

PB cluster profiles (percentage of each patient’s PBs

in the tSNE-defined clusters). The tSNE cluster profile
of patient URI_NO23, indicated by the red arrow, was
an outlier compared with other URI patients, and thus
excluded from subsequent analyses. Gl, gastrointestinal
infection; UC, ulcerative colitis; CeD, celiac disease; URI,
upper respiratory infection; Strep, streptococcal infec-
tion; TIV, intramuscular trivalent influenza vaccination;
ID-TIV, intradermal TIV; HD, healthy donor.
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98 analyzed clusters would be independent variables. A single patient was excluded (URI_N023, indicated
by an arrow in Figure 3B) that had symptoms restricted to URI (sore throat, congestion, productive cough,
without fever) but whose tSNE cluster profile was an outlier compared with those of all other URI patients
(P<0.01, Q test based on comparisons of each URI patient’s mean correlation with all others).

ANOVA revealed significant correlations of tSNE-defined clusters or sets of clusters with patient class.
Significantly correlated clusters are highlighted by colored branches of the dendrogram in Figure 3A. Fig-
ure 4 illustrates the distribution of significant clusters in tSNE maps, and the phenotype of PBs in the
enriched clusters, for patients of different classes.

PBs in clusters enriched in patients with GI symptoms had high expression of 04p7 and, with few
exceptions, high CCR10 expression as well. a4p7 and CCR10 are known to mediate PB homing to the
intestines in mice (6, 10, 11). GI patient—enriched clusters were distinguished from each other by differ-
ences in expression of other receptors. For example, PBs in some but not other clusters had high expression
of the small intestinal homing receptor CCR9, potentially reflecting imprinting during immune responses
within the small intestine. CD62L was expressed moderately by PBs within most GI-enriched clusters, but
P-selectin-ligand binding and CLA were weak or, more often, absent. CD49f was generally absent or only
weakly expressed by PBs in most GI-associated clusters.

Even though celiac disease is considered to be a T cell-mediated condition and celiac patients had low
percentages of PBs compared with other diseases (Figure 1), 4 clusters were significantly enriched in the
CeD class compared with others as a whole (Figure 4C). These clusters comprised PBs with high expres-
sion of CCR9 and a4f7, known trafficking receptors for the small intestine. Three of the 4 clusters had
PBs with high CCR10 expression. CD62L and CLA were relatively poorly expressed, and P-selectin-ligand
binding and CD49f reactivity were absent to very low. Enrichment in cells with similar TP signatures was
confirmed in 4 independent celiac patients (see Supplemental Figure 2 and Figure 3A).

UC patients showed enrichment for clusters of PBs characterized by high 0437 expression without the
small intestinal trafficking receptor CCR9. CCR10 ranged from high to low, CLA was generally low or
absent, but several enriched clusters contained PBs with high P-selectin binding and, surprisingly, CD49f
expression. PBs were CD62L positive, expressing the receptor at intermediate levels, comparable to that of
CD62L" PBs in Gl-enriched clusters but lower than on PBs in many URI-enriched populations (see below).
The lack of CCR9 on enriched PBs in UC is consistent with selective imprinting of CCR9 in response to
small intestinal immune challenge (i.e., in GI infection and CeD in Figure 4, A and C), whereas a4p7 and
CCRI10 are induced on B cells responding to challenge in either the large or small intestines. The induction
of P-selectin—binding PBs in the UC cohort may reflect tissue-selective imprinting, but could also be a func-
tion of a strong acute inflammatory response that is seen during severe recurrent disease, as evident in the
patients recruited for the current study. Our UC patients were also younger as a group than other patients
studied (Supplemental Figure 4), so age-associated differences in PB imprinting cannot be excluded.

URI was associated with enrichment in clusters of PBs with poor expression of CCR9 and 047, high
expression of CD49f and CD62L, and intermediate, variable expression of CCR10. Several clusters had
PBs with high P-selectin binding, and a subset of these shared high expression of CLA. Low or absent
a4p7 on PBs correlates with high expression of the vascular cell adhesion molecule 1 (VCAMI1) receptor,
04p1 (see insert histogram, Figure 4D). The expression of the 2 integrins is inversely related on circulating
PB populations, as shown in Figure 4. VCAMI1 mediates naive B and T lymphocyte homing to bronchus-
associated lymphoid tissues (21) and T cell homing to the lungs in mice (22), and CD62L is implicated in
T cell-mediated bronchopulmonary responses in asthma models in sheep (23). The results support a role
for VCAMI and selectin-mediated interactions, particularly L-selectin (CD62L), in human PB trafficking
during respiratory tract immune challenge.

Four patients with total PBs greater than 0.25% of lymphocytes had symptoms limited to severe sore
throat with a medically confirmed diagnosis of streptococcal infection. The enriched PBs showed high
expression of CLA in comparison with the other patients as a whole. Clusters enriched at Pless than 0.005
were populations predominantly characterized by PBs with intermediate CCR10 expression and P-selectin
binding, with subsets of P-selectin-ligand™ cells in some clusters. The most populous clusters had high
expression of CD62L as well. In direct comparisons with URI patients (many of whom also had throat
symptoms), the culture-confirmed strep throat samples were enriched in the CLA"M cluster 46 (P < 0.05),
and in the relatively poorly populated CCR9*04p7* clusters 54 and 55 (P < 0.005). Enrichment in the latter
clusters may suggest stimulation of the proximal intestines by swallowed antigen. Analysis of a separate

https://doi.org/10.1172/jci.insight.90233 6
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Figure 4. Imprinted trafficking programs of plasmablasts in statistically enriched (disease- or inflammatory site-associated) clusters. The phenotype
of plasmablasts (PBs) in enriched clusters is shown for patients with (A) gastrointestinal infection (GI) symptoms, (B) ulcerative colitis (UC), (C) celiac
disease (CeD), (D) upper respiratory infection (URI) symptoms, and (E) streptococcal infection (Strep). In each panel A-E, the Barnes-Hut t-distributed sto-
chastic neighbor embedding (tSNE) map shows 2,000 PBs randomly selected from the patient class; statistically enriched clusters are colored. The heat-
map shows trafficking receptor expression (mean fluorescence intensity) of PBs within each enriched cluster; an associated bar graph indicates the relative
abundance of PBs in the enriched clusters. Conventional 2 x 2 flow cytometry plots of PBs from enriched phenotypes are displayed. For URI patients, a
histogram insert illustrates staining for integrin 1 on a4p7- PBs, consistent with high a4B1integrin expression (representative of n = 4). Cells (and bars in
the histogram) from statistically enriched clusters are colored by P value as indicated (ANOVA, see Methods).

insight.jci.org

cohort of 3 patients with strep throat showed imprinting of similar phenotypes including TPs with high
CLA and CD62L and low a4p7 (Supplemental Figure 3B). The results suggest a role for CLA and poten-
tially CD62L in PB recruitment to the inflamed oral cavity.

Phenotype of influenza-specific PBs induced by intramuscular or intradermal TIV. Vaccination allows us to
probe the PB response to a known antigenic stimulus in a controlled tissue site. We evaluated PBs in 41
patients following TIV or ID-TIV. Of these patients, only 7 after TIV and 5 after ID-TIV had blood PB
levels greater than 0.25%, making them suitable for further evaluation. We also assessed the PB response in
subjects receiving Flumist, the influenza vaccine administered intranasally; however, Flumist did not elicit
a PB response above that of HDs and thus, these subjects were not included in the study (data not shown).

Overall, these 2 types of vaccination imprint similar trafficking programs. Six out of 12 clusters are
shared between both TIV- and ID-TIV—enriched phenotypes. In comparison with other samples as a group,
PBs in both types of vaccine recipients were enriched in clusters of PBs lacking the intestinal and muco-
sal trafficking receptors 04B7, CCR9, and CCR10, but in most cases PBs expressed CD62L at high levels
(Figure 5A). P-selectin binding was variable but high in many clusters, especially after TIV immunization;
in direct comparison between the vaccinated groups, PBs after TIV were significantly enriched (P < 0.05)
in cluster 39, 77, and 78, each of which is characterized by very high P-selectin binding, whereas ID-TIV
PBs were enriched in cluster 80, characterized by CD62L expression but the lack of P-selectin binding and
expression of other trafficking receptors. Similarity between ID-TIV and TIV responses might be due to
the fact that the antigens are destined for the same lymph nodes and prime the PBs under a similar micro-
environmental condition. Most importantly, the complete absence of CCR10 expression on PBs in most
TIV- and ID-TIV—enriched clusters suggests that CCR10 is imprinted on PB in response to immune stimuli
at mucosal but not subcutaneous sites. However, the results do not exclude a difference related to vaccine
versus infectious or other immune stimuli.

As shown in Figures 1 and 5, PBs in vaccinees were enriched in IgA~ (IgG") cells and in 04B7 and
CCRI10" subsets as compared with other patient groups. To determine whether influenza-specific PBs were
similarly enriched in these populations, we assayed influenza antigen (flu-Ag)-specific ASCs among sort-
ed 04p7" and 047 subsets of IgA* and IgA~ (IgG*) PBs from 4 patients, and among separately sorted
IgA- (IgG*) 04p7 CCR10* versus 047 CCR10" subsets from 5 patients by enzyme-linked immunospot
(ELISPQOT) assay. Inactivated influenza vaccine (Fluzone) was used to detect flu-Ag—specific ASCs. Figure
5C displays the fraction of flu-Ag—specific ASCs comprised within each phenotypically defined subset (the
percentage of all flu-Ag—specific PBs that fell within each sorted subset was calculated as the percentage
ELISPOT* ASCs within sorted cells of that subset, multiplied by the percentage representation of that sub-
set among all PBs, divided by the percentage of separately sorted total PBs that were ELISPOT™). Although
cells producing flu-Ag—specific antibody were found among all sorted subsets in at least some patients, they
were predominantly IgG-producing a4p7- (presumably a4B1) and CCR10~. We conclude that intramus-
cular or intradermal immunization with conventional flu vaccine leads to the induction of flu-Ag—specific
IgG ASCs that lack mucosal trafficking programs, consistent with the phenotype of enriched PB clusters in
these patient classes. However, minor subsets of flu-Ag—specific cells after vaccination may express traffick-
ing receptor profiles consistent with post-URI or post-GI PB phenotypes.

Extent of envichment of PBs expressing tissue-targeting trafficking programs. The results define characteristic
phenotypes associated with PBs imprinted in the context of localized acute infection and inflammatory symp-
toms. To determine the extent of enrichment in the imprinted phenotypes within patients, we calculated the
percentage of each patient’s PBs displaying identified patient class—associated TPs or profiles, and normal-
ized these values to the average percentage of PBs from each disease class within the same gated phenotype.
The results were calculated separately for I[gA* and IgA~ PB subsets, and are presented as fold enrichment in
Figure 6. The mean percentage of PBs with enriched phenotypes ranged from 16% in CeD to 88% in UC.
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Figure 5. Intramuscular and intradermal influenza vaccinations induce influenza-antigen-specific IgG plasmablasts that lack mucosal trafficking
programs. The phenotype of plasmablasts (PBs) in enriched clusters is shown for patients receiving (A) intramuscular trivalent influenza vaccination
(TIV, n = 7) or (B) intradermal TIV (ID-TIV, n = 5). tSNE, Barnes-Hut t-distributed stochastic neighbor embedding. See the Figure 4 legend for explana-
tion of figure panels and statistics. (C) a4f7 expression by flu-Ag-specific antibody-secreting cells (ASCs). Shown is the percentage of the total recov-
ered flu-Ag-specific ASCs among sorted a4f37-positive or -negative fractions of IgA-secreting cells (IgA ASCs) or IgG-secreting cells (IgG ASCs). Each
data point is from an individual patient (n = 4). (D) The fraction of flu-Ag-specific IgG ASCs among 04p7-IgA” PBs that sorted with CCR10* or CCR10"
subsets (n = 5). In Cand D, P values were determined by paired-ratio, 1-tailed t test.

We similarly evaluated IgA* memory B cells, identified in our staining panel as CD19* among
CD4T1gA*CD38™™ cells. The enriched disease-specific phenotypes observed in PBs were evaluated
within the IgA* memory subset. Memory B cells were represented within each of the tissue-specif-

ic phenotype classes, but unlike PBs, memory cells were not significantly enriched in any disease-
specific phenotypes.
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defines clusters even within a uniform or uni-
modally distributed field of cells; this feature is critical for biological analysis, since many receptors on
whole populations of cells, including some of the trafficking receptors studied here, can be expressed in
a unimodal fashion and yet vary in expression between individual cells by orders of magnitude. Statisti-
cal analysis confirms that in these cases, PBs displayed characteristically high or low levels of receptor
expression in patients with different symptoms. Among the 99 trafficking receptor—defined clusters used
in our analysis, even the most similar pairs of clusters (defined by Pearson correlation of their mean
trafficking receptor expression profiles) differed by 2- to 3-fold in 2 or more parameters, or up to 4-fold
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in at least one parameter. Such differences are expected to be physiologically significant in the context
of the sequential engagement of trafficking receptors during PB recruitment.

In rodents and humans, IgA ASCs predominate in mucosal lymphoid tissues in the gut and respiratory
tract, whereas IgG ASCs predominate in systemic (nonmucosal) sites of tissue inflammation (6, 24). We
observed significant differences in induction of IgA* versus IgA~ PBs in patients, correlating with disease
class and with cluster (trafficking profiles). As expected, IgA* PBs are most highly enriched after intestinal
infection, whereas IgA~ PBs (mostly IgG™* in the recall response) predominated after influenza vaccina-
tion. IgA* and IgA~ PBs also differed in relative proportion in different TP clusters, though all clusters
comprised cells of both isotypes. More surprising than these differences, however, was the overall similar-
ity in enriched TPs of IgA* versus IgA~ PB subsets within each patient. Studies in the mouse had led to
the expectation that IgG-expressing PBs would largely lack intestinal or mucosal trafficking receptors (6).
Mouse studies, however, focused primarily on tissue-resident plasma cells rather than blood PBs in the
active immune response. The similarity of TPs on IgA* and IgG* PBs suggests that tissue targeting during
the immune response may be imprinted through common mechanisms on the PB subsets, and that other
factors may contribute to the ultimate predominance of IgA-producing ASCs in mucosal tissues and IgG-
producing ASCs in systemic sites. There may be differences in survival or retention of IgA* versus IgG*
PBs in different tissues. Interestingly, Kuklin et al. showed that gut-homing B cells in IgA knockout mice
are as protective as in wild type, indicating that IgA deficiency can be compensated by other isotypes (8).
In contrast, mice deficient in B7 integrin showed decreased protection. Thus, migration of PBs to the small
intestine may allow IgG™* as well as IgA* PBs to contribute to protective mucosal immune responses.

In general, the TPs imprinted on PBs correlate well with previously known patterns of vascular/tis-
sue-selective adhesion molecule and chemoattractant receptor expression. a4p7, imprinted in patients with
small intestinal and colonic inflammation, mediates lymphocyte rolling and activation-dependent adhesion
to the mucosal vascular addressin MAdCAMI1 (25, 26). MAdCAMI1 decorates venules in Peyer’s patches
and throughout the intestinal lamina propria. CCRY, imprinted on PBs in patients with known (in celiac
disease) or presumed small intestinal involvement, is the adhesion-triggering and chemoattractant receptor
for CCL25, a chemokine that is selectively expressed by small intestinal epithelium (27). CCR10, imprinted
on most or all PBs responding to mucosal immune challenge, mediates adhesion and chemotaxis to CCL28,
a common mucosal chemokine expressed by bronchial, salivary, oral, and intestinal epithelium (10, 12, 27).
CCL28 is more highly expressed in colon than small intestinal sites. In colitis, where disease is restricted to the
large intestine and involves both chronic immune activity and innate acute/subacute inflammation, imprinted
PBs were a4Bp7*CCR10* and often P-selectin-ligand™ (and CLACD62L™CD49f™) but lacked CCR9 expres-
sion. P-selectin has been implicated in colitis in chemically induced models associated with strong innate
responses (28). A high P-selectin—binding subset was also present in other disease classes studied, particularly
in patients with strep throat or after vaccination. P-selectin is classically induced or translocated from constitu-
tive stores to the cell surface of endothelial cells at sites of acute inflammation. P-selectin binding ability may
be imprinted by environmental and inflammatory factors associated with acute inflammation, rather than
tissue-specific factors. High a4p1 and CD62L expression characterizes PBs imprinted by respiratory tract
challenge. CD62L mediates tethering and rolling on endothelial Sialyl Lewis X-related carbohydrate ligands,
including the peripheral lymph node addressin PNAd (29, 30). PNAd decorates high endothelial venules in
bronchus-associated lymphoid tissues, vessels that also express the 04f1 ligand VCAM1 (21). Both CD62L
and a4B1 have been implicated in pathogenic immune recruitment to airways (31); inhibition of CD62L pre-
vents the induction of airway hypersensitivity in a sheep model of asthma (23) and 04 antagonism inhibits
T cell and eosinophil recruitment to the airway in a mouse model of asthma (32, 33). In combination with
CCRI10, CD62L and a4B1 may provide efficient targeting of PBs to bronchial and perivascular connective
tissue in pulmonary sites. PBs in strep throat patients were enriched in cells with high expression of CLA,
a Sialyl Lewis X-related carbohydrate ligand for the vascular adhesion receptor CD62E (E-selectin) (34).
E-selectin is constitutively expressed by venules of the oral mucosa (35, 36) as in the skin (but not intestines)
(34, 37). It is further upregulated in the inflamed oral mucosae, as is VCAMI. Although the mechanisms of
lymphocyte homing to the oral mucosae have not been probed experimentally, CLA mediates lymphocyte
homing to skin via interaction with vascular E-selectin (34, 37). Our results suggest that the stratified squa-
mous epithelium of the oral mucosa may share common CLA-imprinting mechanisms with skin keratino-
cytes. Like other mucosally imprinted PBs, those induced by throat infection are CCR10* as well. CLA in
combination with a4p1 and CCR10 may mediate efficient recruitment to the inflamed oral mucosae.
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Our results confirm and extend previous studies of PB trafficking receptors in patients. Czerkinsky et
al. used antibody-coated-bead enrichment to demonstrate enriched 0437 expression in antigen-specific PB
responding to oral immunization with cholera vaccine (38). Using flow cytometry, Kantele et al. observed
a4p7 expression by ASCs after oral vaccination with Salmonella typhi, whereas CD62L was enriched after
systemic (intramuscular) immunization with the same antigen (15). Studies of rotavirus, which selectively
infects small intestinal epithelium in patients, found that rotavirus antigen—specific IgA* PBs display high
levels of CCR9, CCR10, and 047 (1), consistent with the patterns of imprinting in celiac disease as shown
here and in a report by Tarlton et al. (39).

Subsets of memory B cell express the trafficking receptors studied here (40) and display them in
combinations consistent with enriched TPs defined through our PB analyses. In general, the representa-
tion of memory B cells with different tissue-targeted phenotypes did not correlate or vary substantially
with patient/disease class. Long-lived circulating memory cells may even be depleted from the blood by
recruitment during active immune responses in tissues (39), potentially balanced by new memory cell
generation which would likely follow the initial influx of activated lymphocytes during resolution of
the response. In addition to the trafficking receptors we evaluated, memory B cells express CCR6 (41).
The CCR6 ligand CCL20 is expressed in lymphoid tissues and sites of inflammation, and is induced
in inflamed or infected epithelium (42, 43). Thus, memory B cells may be recruited through tissue-
selective TPs similar to those used by PBs, but also through CCL20-dependent and other mechanisms
to epithelial sites of inflammation.

Vaccination with TIV imprinted PBs with an 04p1* (B7 negative) phenotype that displayed P-selectin
binding ability, were generally CD62L positive and high, but notably lacked expression of the mucosal
chemokine receptor CCR10. The few PBs that were CCR10* resembled PBs induced during an upper
respiratory infection. Our ELISPOT analysis of sorted PBs after influenza vaccination confirmed that PBs
expressing the enriched trafficking programs after vaccination comprised the flu-Ag—specific ASC popula-
tion in immunized patients’ blood. The lack of CCR10 on vaccine-induced PBs contrasts with CCR10
expression by the vast majority of both IgA* and IgG* PBs after each of the mucosal immune challenges
and in healthy donors. Imprinting of CCR10 on PBs may require factors restricted to mucosal tissues
or their draining lymph nodes. The results suggest that intramuscular or intradermal vaccination may be
relatively inefficient at generating PBs capable of immediate trafficking to mucosal sites. It is likely that
memory cells induced by such vaccination, however, can give rise to efficiently targeted PBs in response to
subsequent pathogen challenge.

Expression of integrin a6 (CD49f) varied with cluster and disease like the known trafficking recep-
tors. It was most highly expressed by PBs in URI and Strep, and was absent in most clusters enriched in
CeD. 06p1 is a receptor for laminins (44), extracellular matrix components comprised of multiple isoforms
whose expression varies in different tissues (45). a6 binding to laminins is thought to play an important
role in platelet-mediated thrombosis (46). The role of a6 in lymphocyte trafficking, if any, remains to be
determined; we have not seen alterations in lymphocyte homing to lymph nodes or Peyer’s patches with an
anti-06 antibody that blocks laminin binding (Eugene C. Butcher, unpublished observations).

It will be important to extend studies to other adhesion molecules and chemoattractant receptors that
may contribute to PB trafficking. CXCR3, a chemokine receptor associated with trafficking to inflamed
sites, is expressed by PBs within each of the trafficking receptor disease-associated phenotypes described
here, and may participate in regulating recruitment or environmental positioning independent of tis-
sue specificity, potentially as a function of the nature of inflammatory insult or cytokine environment
(Yekyung Seong and Nicole H. Lazarus, unpublished observations). Its expression correlates loosely but
significantly with that of P-selectin binding. G protein—coupled receptor 15 (GPR15), which is implicated
in T cell homing to the colon and potentially to the skin (47-49), is also expressed by subsets of PBs within
each disease-associated class, without a clear enrichment in or restriction to cells targeted to intestinal sites
(Y. Seong and N.H. Lazarus, unpublished observations). As proposed for CXCR3, it may regulate micro-
environmental localization or inflammatory insult—selective recruitment of PBs. Examination of expres-
sion of these and other receptors in a broad panel of patients will be required to determine the correlates
of their imprinting on PB subsets. CCR2 is also expressed on subsets of PBs, whereas antibodies against
CCR4, CCR5, CXCRS5, CD103, and a2, which stained subsets of T cells, did not stain PBs in our hands
(Y. Seong and N.H. Lazarus, unpublished observation). We did not study the expression of CXCR4, a
receptor implicated in PB trafficking to the bone marrow (7).
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Table 1. Disease scores of patients with
ulcerative colitis as assessed by the pediatric

In conclusion, we present a framework for discovery of unique signatures of
blood lymphocytes activated by and participating in localized immune responses,

ulcerative colitis activity index (PUCAI) (50) and we identify patterns of trafficking receptor expression that define PBs responding

Patient ID

N034
N035
N036
N037
N054

Disease score

75
75
65
75
60

and targeted to colon, small intestine, throat, respiratory tract, or systemic nonmu-
Severity cosal sites of immune challenge. Similar approaches should allow definition of traf-
Severe ficking signatures of T cell subsets as well, and may facilitate efforts to noninvasively
Severe
Severe

Severe Methods
Moderate

monitor ongoing immune activity in diverse tissues of the body.

Patient cohort

insight.jci.org

Patients experiencing symptoms of food poisoning or other acute infectious symp-

toms such as strep throat or upper respiratory infections were enrolled at the Palo Alto
Veterans Affairs Health Care System. Subjects that had received ID-TIV or TIV and were asymptomatic
for any acute infectious illnesses were enrolled in this study at Stanford University. The vaccine consisted
of inactivated influenza A and B components derived from the HIN1 (A/California/7/09), H3N2 (A/
Perth/16/09) and influenza B (B/Brisbane/60/08) strains. All participants received the same vaccine.
All subjects completed a short questionnaire asking about their illnesses’ duration and type of symp-
toms experienced and further grouped into disease classes based upon the symptoms they subjectively
reported: GI, URI, or Strep. Peripheral blood samples were obtained 7 days after administration of the
influenza vaccination or 7 to 9 days after acute infectious symptom onset. Pediatric UC patients were
enrolled in this study during routine office visits by the Pediatric Gastroenterologists’ Group at Kaiser
Permanente in San Jose, California, USA. The disease activity of each UC patient was assessed using
the pediatric ulcerative colitis activity index (PUCAI) (50). The UC patients and their corresponding
disease severity are shown in Table 1. Adult CeD patients were enrolled through the Department of Gas-
troenterology at the Stanford University School of Medicine. Disease severity was assessed through the
Marsh scoring system and peripheral blood samples were obtained during routine office visits. HDs were
selected for this study based on the lack of any acute infectious symptoms or chronic conditions such as
general allergies (food or environmental), skin disorders and/or joint pain. All study participants were
over the age of 18, except the pediatric UC patients, and none were pregnant.

Lymphocyte separation from whole blood

Heparinized peripheral blood (between 10 ml and 40 ml) was obtained via venipuncture from the differ-
ent donor populations. Blood samples were processed using Ficoll density gradient centrifugation (His-
topaque-1077, Sigma-Aldrich). The resulting interface containing the PBMC layer was extracted, washed
twice with HBSS without Ca**/Mg** (Mediatech), and resuspended in staining buffer (PBS without Ca**/
Mg** supplemented with 2% bovine calf serum and 0.1% sodium azide). Cells were incubated with 0.1
ul normal human AB serum (Sigma-Aldrich) and 0.5 pl normal goat serum (Gibco) in 100 pl of staining
buffer per 1 million PBMCs for 15 minutes on ice prior to staining. Cells isolated from UC patients were
blocked overnight at 4°C in staining buffer containing human and goat serum.

Monoclonal antibodies for flow cytometric phenotypic analysis

Primary unconjugated antibodies. Anti-human CCR9 (clone 3C3, mouse IgG2b, produced from hybridoma
LS129-3C3-E3-1, ATCC) and anti-human CCR10 (clone 1B5, mouse IgG2a, produced from hybridoma
LS312-1B5-1A1, courtesy of Dulce Soler-Ferran, Millenium Pharmaceuticals) were used as described
below (cell staining and flow cytometry). Mouse anti-human a4f7 (clone Actl, mouse IgGlk, from
hybridoma Act-1 number 39, a gift from Millenium Pharmaceuticals) was custom-conjugated to PE (Chro-
moprobe, Inc.). Antibody production from hybridomas was performed as directed by the supplier. Briefly,
hybridomas were grown in serum-free medium and antibody purified by ammonium sulfate precipitation
from the serum-free culture supernatant. Size-exclusion chromatography was used to determine antibody
purity and any protein aggregation or degradation. Recombinant human P-selectin/Ig Fc chimera (R&D
Systems, 137-PS-050) was conjugated to Alexa Fluor 647 using the Zenon Alexa Fluor 647 human Ig
bench-top labeling kit (Invitrogen) as directed. In patient cohort 1, CCR9 and CCR10 expression was
detected with secondary antibodies goat F(ab), anti-mouse Pacific Blue and goat F(ab), anti-mouse Qdot
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655, respectively (P31581 and Q-11021MP, Invitrogen). In patient cohort 2, CCR9 and CCR10 were stained
separately and each receptor detected with goat F(ab), anti-mouse-Pacific Blue. In studies of expression of
other receptors by PBMCs from 2 to 5 patients, we used the following purified antibodies: GPR15 (clone
367902) from R&D Systems; CCR2 (clone K036C2), CXCRS5 (clone RF8B2), CD103 (clone BerAct8), a2
(clone P1E6CS5) from BioLegend; CCR4 (clone 205410), CCR5 (clone NP-6G4), CXCR4 (clone 12G5)
from Fluidigm Sciences. Purified antibodies were conjugated to metal isotopes, and cells were stained and
analyzed by mass cytometry as described previously (51).

Primary conjugated antibodies. The following conjugated antibodies were purchased from BD Bioscienc-
es: rat anti-human CD49f-PE-Cy5 (clone GoH3), mouse anti-human CD29 (31)-PE-Cy5 (clone MAR4),
mouse anti-human CXCR3-PerCP-Cy5.5 (clone G025H7), mouse anti-human CD4-V500 (clone RPA-
T4), mouse anti-human CD19-Alexa Fluor 700 (clone HIB19), and mouse anti-human CD62L-APC-
Cy7 (clone DREG-56). Mouse anti-human CD38-PE-Cy7 (clone HB7) and rat anti-human CLA-biotin
(clone HECA-452) from BD Biosciences were provided courtesy of Maria C. Jaimes (BD Biosciences).
The following were obtained from Invitrogen: mouse anti-human CD45RA-Qdot 605 (clone MEM-56),
polyclonal goat (Fab), anti-human IgA-FITC (clone H14101), and Qdot 565-streptavidin (Q10131MP) to
detect CLA-biotin.

Cell staining and flow cytometry. Three million PBMCs per patient sample were stained with the afore-
mentioned antibodies for flow cytometric phenotypic analysis of trafficking receptor profiles. In patient
cohort 1, cells were incubated with purified anti-human CCR9, washed in staining buffer, and subsequently
stained with secondary goat F(ab), anti-mouse Pacific Blue. Cells were washed and then blocked with 7.5 ul
normal mouse serum (Sigma-Aldrich) for 15 minutes on ice. Primary anti-CCR10 was conjugated to goat
F(ab), anti-mouse Qdot 655 by combining the primary and secondary and incubating at room temperature
for 15 minutes, followed by the addition of mouse serum to block nonspecific binding sites for an addi-
tional 15 minutes. A second bench-top conjugation was performed using a Zenon kit as directed to label
P-selectin/Ig Fc chimera with Alexa Fluor 647. These bench-top conjugates were added to a cocktail of
labeled primary antibodies (IgA-FITC, 04p7-PE, CD49f-PE-Cy5, CD38-PE-Cy7, CD4-V500, CLA-biotin,
CD45RA-Qdot 605, CD19-AF700, and CD62L-APC-Cy7). After staining for 30 minutes at 4°C, cells were
washed twice with staining buffer and Qdot 565—streptavidin was added to detect CLA. In patient cohort 2,
the following changes were made to the staining protocol: CCR9 and CCR10 were stained separately using
secondary goat F(ab), anti-mouse Pacific Blue as described above for CCR9 and CXCR3-PerCP-Cy5.5 was
added to the primary antibody cocktail.

In order to determine background levels and clearly define positive from negative populations, iso-
type controls were stained as follows: normal mouse serum was added in place of CCR9 and CCR10,
P-selectin/Ig binding was disrupted by incubation of the cells with 4 pl 0.5 M EDTA prior to adding the
conjugated antibody cocktail, and both CLA and CD49f were omitted.

All samples were acquired on a BD LSRII flow cytometer using FACSDiva software. Flow cytometric
data was analyzed using FlowJo software (Tree Star). Trafficking receptor gates were placed based on the
isotype controls and memory CD4" T cells (CD4*CD45RA™ lymphocytes), which serve as a positive con-
trol for several markers or a bimodal distribution of positive and negative cell populations.

Cell sorting. PBMCs were isolated from whole blood of TIV or ID-TIV vaccinees as previously described.
Cells were incubated with purified anti-human CCR10, washed, and incubated with secondary goat F(ab),
anti-mouse Pacific Blue. Cells were washed, blocked with mouse serum, and stained with a cocktail of
antibodies: IgA-FITC, CD38-PE-Cy7, CD4-V500, CD19-Alexa Fluor 700, and a4p7-PE. Within pre-gated
CD4-CD38" single lymphocytes, total I[gA* and IgA~ (IgG) PBs as well as IgA* and IgA~ that were a4p7-,
04p7*, 04p7 CCR10*, and 04p7 CCR10 were sorted (BD FACSAria II or BD FACSAria III) into 96-well
nitrocellulose ELISPOT plates. Fifty cells of each phenotype were sorted into triplicate wells. Total IgA/
IgG (ASCs) within each sorted population as well as flu-Ag—specific ASCs were detected and the percent-
age of flu-Ag—specific ASCs determined as outlined below.

ELISPOT for total and flu-Ag-specific IgA and 1gG ASCs

Total IgA or IgG ASCs were identified by conventional ELISPOT analysis using nitrocellulose 96-well
plates (MultiScreen HTS, Millipore) that were coated with goat anti-human-IgM+IgA+I1gG (Kirkeg-
aard and Perry) at 4 ug/ml and incubated overnight at 4°C. To detect flu-Ag—specific ASCs, wells
were coated with inactivated influenza vaccine (Fluzone) at 9 pg/ml and incubated overnight at 4°C.
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The coating solution was discarded and the plates were blocked for at least 2 hours with RPMI 1640
(Mediatech) supplemented with 10% fetal bovine serum (Hyclone) and 1% penicillin/streptomycin
(Gibco). The media were replaced with fresh blocking media prior to sorting specific trafficking recep-
tor—defined IgA* and IgA~ PBs. After sorting, the plates were incubated overnight at 37°C in the pres-
ence of 5% CO,. Cells and media were discarded, plates washed 4 times with PBS without Ca**/Mg**,
secondary alkaline phosphatase (AP)-conjugated anti-human-IgA or AP-anti-human-IgG (Kirkeg-
aard & Perry) was added at 0.2 pg/ml and incubated for up to 4 hours at 37°C. Wells were washed as
before and developed using Blue Alkaline Phosphatase Substrate Kit as directed (Vector Labs). Wells
were washed with water, allowed to dry, and the number of spots, each representing a functional ASC,
was counted under a dissecting microscope. The average number of ASCs of the triplicate wells was
calculated for each sorted population and the percent flu-Ag—specific ASCs within each TP-defined
subset determined by dividing the number of flu-Ag—specific ASCs by the total number of IgA or IgG
ASCs within that population.

Computational analysis

Data processing. Patient and HD PBs were gated from flow cytometric data as CD4 CD38" IgA* or IgA~.
From each of the 52 samples (44 patients and 8 HDs) included in the study, 500 cells within the IgA* and
IgA~ gated populations were randomly selected from within FlowlJo, totaling close to 52,000 individual
cells. The fluorescence intensity of each trafficking receptor on each individual cell was exported as scale
values in a tab-delimited text file which was opened within Excel. The 52,000 cells were combined into a
single Excel document, and the fluorescent intensity of each trafficking receptor was log transformed in
Partek Genomic Suite 6.5 (Partek.com).

PCA. PCA was performed on all 7 trafficking receptors and the 3 most influential principal components
were selected as axes for the 3D plot (Figure 2A). The dots represent individual cells from the 52 patients
and are colored by disease class.

Dimension reduction. tSNE and a variant of k-means clustering were performed using ACCENSE
(http://www.cellaccense.com), using a perplexity setting of 500. From the close to 52,000 individual cells
exported (see data processing), 99 clusters were defined.

Hierarchical clustering. The number of cells present in each of the 99 clusters, in each individual patient, was
determined. Hierarchical clustering was performed on these data using Pearson’s dissimilarity without nor-
malization. The data are displayed as a heatmap with the range set from 0 to 100 cells per cluster (Figure 3A).

Similarity matrix. The percentage of cells from each patient that fell within each cluster was calculated
and Pearson’s (linear) correlation was used to compute the similarity of each individual patient to all other
patients as well as the individual patient’s similarity to itself (Figure 3B). The resulting similarity is shown
as a heatmap whose range is between 0 (no similarity) and 1 (exact similarity).

ANOVA test. Pvalues were calculated using ANOVA, which compares patients within one disease clas-
sification to those of the other disease classes as a group. On the tSNE maps and heatmaps, enriched clus-
ters with Pless 0.005 and Pless than 0.05 are colored as blue and red, respectively. In 2D plots, the enriched
clusters with P less than 0.005 are colored as black (Figures 4 and 5).

Enrichment plot. The percentage of each patient’s PBs displaying disease class—associated TPs was cal-
culated and normalized to the average percentage of PBs from each disease class within the same gated
phenotype. By 2-way ANOVA, the P values between different cell types (IgA* PBs, IgA~ PBs, and memory
IgA cells) were calculated (Figure 6). *P < 0.05; **P < 0.005; ***P < 0.0005.

Statistics

Statistical significance of IgA* versus IgA~ frequencies within a patient class was determined using
paired-ratio, 2-tailed ¢ test. Paired-ratio, 1-tailed ¢ test was used to calculate significance of flu-Ag—spe-
cific IgG ASCs among sorted trafficking receptor subsets. tSNE clusters were ordered in heatmaps by
unsupervised hierarchical clustering via Pearson’s dissimilarity without normalization. Pearson’s linear
correlation was used to compute the similarity of each individual patient to all other patients as well as
the individual patient’s similarity to itself. P values of enriched clusters were calculated using ANOVA.
Two-way ANOVA was applied when comparing different cell types. P values below 0.05 were consid-
ered significant and are indicated in each plot. All dot plots show mean = SEM.
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Study approval

Acute infectious disease patients and healthy subjects were enrolled in the study at the Veterans Affairs
Palo Alto Health Care System, with written consent obtained according to Health Insurance Portability
and Accountability Act (HIPAA) regulations. Influenza vaccine recipients and celiac disease patients were
enrolled after obtaining informed consent as approved by the IRB of Stanford University. Subjects suffering
from ulcerative colitis were consented and enrolled through the Kaiser Permanente Foundation Hospital
located in San Jose, California.
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