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Fusion proteins, which consist of factor VIII or factor IX a&h the transmucosal

carrier cholera toxin subunit B, expressed in chloroplastend bioencapsulated within
plant cells, initiate tolerogenic immune responses in theniestine when administered
orally. This approach induces regulatory T cells (Treg), wih suppress inhibitory
antibody formation directed at hemophilia proteins induce by intravenous replacement
therapy in hemophilia A and B mice. Further analyses of Treg D¢ lymphocyte

sub-populations in hemophilia B mice reveal a marked incres in the frequency of
CD4€CD25 FoxP3 LAPC T cells (but not of CD4 CD25CFoxP3F T cells) in the lamina
propria of the small but not large intestine. The adoptive ansfer of very small numbers
of CD4°CD25 LAPC Treg isolated from the spleen of tolerized mice was superiain

suppression of antibodies directed against FIX when compad to CD4°CD25C T cells.

Thus, tolerance induction by oral delivery of antigens bigeapsulated in plant cells
occurs via the unique immune system of the small intestine,ral suppression of antibody
formation is primarily carried out by induced latency-assadated peptide (LAP) expressing
Treg that likely migrate to the spleen. Tolerogenic antigepresentation in the small
intestine requires partial enzymatic degradation of plartell wall by commensal bacteria
in order to release the antigen. Microbiome analysis of henmhilia B mice showed
marked differences between small and large intestine. Remkably, bacterial species
known to produce a broad spectrum of enzymes involved in degadation of plant cell
wall components were found in the small intestine, in partidar in the duodenum. These
were highly distinct from populations of cell wall degradim bacteria found in the large
intestine. Therefore, FIX antigen presentation and Tregduaction by the immune system
of the small intestine relies on activity of a distinct miclbome that can potentially be
augmented to further enhance this approach.
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INTRODUCTION employed codon optimization to increase antigen expressien 10
50-fold in chloroplasts18). Plants can be grown under soil-free
The incidence of hemophilia is 1 in 5,000 male births conditions, and leaves harvested and freeze-dried anchaiély
worldwide. Mutations in either the serine protease factor IXconvertedto a dry powder. This cost-e ective production system
(FIX) or its co-factor, factor VIII (FVIII) that reduce coaation  does not require extraction and puri cation of the antigen.
activity to< 1% of normal typically result in severe disease, whiclyy fact, antigens are stable in lyophilized plant cells for 2—
is characterized by frequent and potentially life-threaten 3 years when stored at ambient temperaturss, (20, 29).
bleeds. De ciency of FVIIl is referred to as hemophilia A, ¥ehi  Commercial scale production in cGMP hydroponic facility has
FIX de ciency is called hemophilia B. Bleeding can be pl’e\l.'d?ntebeen demonstrated for several human blood proteib§ @0,
by frequent intravenous injections of recombinant or plasma 24). Most importantly, methods have been developed to remove
derived factor product (2-3 times per week). However, 20-30%ntibiotic resistance genes from chloroplast genomes dfledi
of severe hemophilia A patients develop neutralizing antiesd plant cells producing enzymes or biopharmaceuticafs ¥4, 25).
that inhibit coagulation activity and are therefore refedrto  plant cell wall protects antigens from acid and enzymes in the
as “inhibitors.” stomach because they do not cleave Betal-4, 1-6 linkagestn pla
Antibody formation directed at the newly-introduced protsi  cell wall polymers{7, 26). However, commensal bacteria release
represents a serious complication in protein replacement therapant cell wall degrading enzymes thereby releasing antigens
for the X-linked bleeding disorder hemophilia<5). One partial  the gutlumen (7, 24). Moreover, antigens are expressed as fusion
remedy is ITI (“immune tolerance induction,” consisting of proteins between the coagulation factor and a transmucosal
daily high-dose intravenous infusion of FVIII), which howe  carrier. N-terminal fusion of CTB (cholera toxin B subunit,
may take months to years and can cos$1M (1). Incidence an FDA approved antigen), results in pentamer formation and,
of inhibitor formation against FIX is lower in treatment of upon release in the intestine, b|nd|ng to GM receptor on gut
hemophilia B (estimated 5% of patients). However, up to 50% epithelial cells and transmucosal delivery to the immuneesyis
of patients with FIX inhibitors experience anaphylactic réaws (13 19 27-29). A furin cleavage site has been engineered between
and/or nephrotic syndrome upon further exposure to FIX.( CTB and the antigen so the antigen is released, while CTB is
Bypassing agents are available to restore hemostasis, Bgfained in cells that have taken up the fusion protef)( A
these are very expensive and have to be more carefully dosgfjor advantage of targeted delivery is e cacy at low antige
to avoid thrombosis. More recently, a bispeci c antibody hasjoses {8, 20, 21).
been developed that mimics FVIII and promotes coagulation Repeated oral delivery of plant cells expressing CTB-fused
in hemophilia A patients even in the presence of an inhibitorantigen has been e ective in suppression of inhibitor formatio
(6, 7). No such therapy is available for hemophilia B, althoughagainst FVIII in hemophilia A mice and against FIX in
progress has been made in development of an RNAi therapy thaemophilia B mice and dogs that were subsequently treated
down-regulates expression of the anti-coagulant proteini-ant with intravenous FVIII or FIX therapy 18-21). Moreover, IgE
thrombin IlI, thereby promoting coagulation in hemophilia A formation and thus anaphylaxis against FIX was prevented
or B patients §). However, none of these bypassing therapiesh hemophilia B mice and dogsl® 16, 20, 21). Studies in
completely restore hemostasis nor do they induce tolerance.  hemophilia B mice revealed a complex mechanism of tolerance
Hence, we and others have been developing diverse novljuction that involves changes in subsets of dendritic cell
protocols aimed at reversal of inhibitor formation by immune (DCs) and regulatory T cell (Treg) populationé3 15, 19).
tolerance induction (ITI), which have primarily been testedHere, we demonstrate induction of CE€D25 FoxP3 LAPC
in_hemophilic mice in which either the=8 or F9 gene had Treg (“LAF° Treg”) in the small but not large intestine of
been deleted%-14). These studies employ a range of strategiesiemophilia B mice and further support their role in suppressing
including lymphocyte-based therapies and administration o&ntibody formation.
small molecule/protein/antibody drugs, which modulate itist
immune responsess|. However, methodologies that allow for
a prediction of inhibitor formation by individual patients el NMATERIALS AND METHODS

to be improved and a better understanding of risk factors will . .
be requisite. Animal Experiments and Adoptive T Cell

We are currently evaluating an alternative approach, whicilransfer
employs introduction of the coagulation factor antigen thgh ~ Hemophilia B mice with targete&9 gene deletion on C3H/HeJ
a tolerogenic route without the use of immune suppressivéackground were as publishe@( 21, 31). Male mice 6-8
drugs or genetic engineering. To this end, we have developaukeeks of age were used for the experiments and housed under
a plant cell-based oral tolerance approadls{1). FVIIl and  special pathogen-free conditions. For oral tolerance inidugt
FIX antigens have been expressed in chloroplast transgerfieeze-dried powder of lettucégctuca sativecv. Simpson Elite
(transplastomic) crop plants for high levels of antigen pratitie ~ with CTB-FIX transgene integrated into chloroplast genome
in green leaves. Initially developed in tobacco, this platftvas  (homoplasmic transplastomic plants) were prepared as published
now been optimized in the edible crop plant lettuce, thereby(16, 20). The transgene expresses cholera toxin B subunit
moving closer to clinical applicatioriLg, 18, 20, 22). While early  (CTB) fused to the N terminus of the mature form of human
studies expressed the native human genes, subsequenacesstudbagulation factor IX (FIX). Plant material (containing rig
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CTB-FIX antigen per dose suspended in 200 of sterile storage on ice. Finally, LPL or IEL fractions were each puaki e
PBS) was orally delivered via gavage twice per week for & Percoll gradient centrifugation (40:80%, 20 min, 1,000@mn
months using a 20-G bulb-tipped gastric gavage needle. Feemperature). Cells were recovered, washed in FACS bu er, and
intravenous challenge with human FIX antigen, mice werailtimately resuspended in FACS bu er for uorescent antibody
administrated 1 IU FIX (Bene x, P zer, New York, NY) into staining and ow cytometry.

the tail vein once per week for 2 months, starting 4 weeks after

initiation of the oral tolerance regimen. Control groups edeed  Flow Cytometry

only intravenous FIX but no gavages. Subsequently, Sp|GE'IOC)Ana|ysis by ow cytometry was performed as published)(
preparations were pooled for each experimental groopD  Surface staining with antibodies was performed aC 4for

10 per group), and CD¥4 T cells were isolated by magnetic 30 min in PBS, followed by addition of viability dye eFluor 506
sorting using the CD% T cell isolation kits from Miltenyi Biotech (or APC-Cy7) at 4C for 30 min in PBS. Fixation and Foxp3
(Auburn, CA). Isolated CD% T cells were stained with anti- Alexa Fluor 647 stain was performed with the transcriptional
mouse CD4-e our 450 (clone RM4-5, eBioscience, San Diegactor staining bu er set from eBiosciences (San Diego, CA).
CA), LAP-APC (clone TW7-16B4, BioLegend, San Diego, CA)kotype control, single positive, and unstained cells served
and CD25-PE (clone PC61, BD Biosciences, San Jose, G#) controls. Flow cytometry was performed using the LSR
antibodies. Flow sorting was employed to purify CB2D25° || system (BD Bioscience, San Jose, CA), and data were
T cells and CD%CD25 LAPC T cells using FACS Aria Il cell- analyzed with FlowJo (BD Life Sciences, Franklin Lake, NJ)
sorter (BD Biosciences, San Jose, CA). Post-sort analysis gpf FCSExpress softwareD¢ Novo Software, Los Angeles,
cells conrmed more than 95% purity. Puried live cells (as CA). Antibodies against murine antigens were obtained from
determined by trypan blue staining) were adoptively transfér eBiosciences and included anti-CD4 (eFluor450 conjugated)
into naive strain-matched mice via tail vein injection (3000 -CD25 (PE), -LAP (PerCP-eFluor710), and -FoxP3 (Alexa
cells/mouse). After 24h, recipient mice were immunized byFluor 647).

subcutaneous injection of 1 IU FIX formulated in Sigma

Adjuvant System. Blood samples were collected 3 weeksdater, Nicrobiome Analysis

plasma levels of FIX-speci ¢ immunoglobulins were measuregyt content from duodenum, jejunum, and ileum segments of
by ELISA. Statistical analysis was performed using unpairegha|| intestine as well as large intestine were collectad, a

studentt-test. DNA was extracted using QlAamp PowerFecal Pro DNA Kit
. from Qiagen (Hilden, Germany) according to the manufactisre
Isolation of Gut Lymphocytes protocols. To assess the microbial diversity of duodenum,

Mice were tolerized as explained above, and small intestingdjynum/ileum and large intestine, th@lAseql6S/ITS libraries
(ileum and distal jejunum) and large intestinal (colon)si®s \yere developed for nine variable regions of 16S rRNA (six
were harvested, homogenized, and treated with RBC Iysgfmpncons covering v1v2, v2v3, v3v4, v4Av5, v5v7, and v7v9
buer (Sigma, St. Louis, MO). Intestine was placed in andegions) and eukaryote ITS (internal transcribed spacemaisi
ushed with ice-cold PBS. Attached tissues such as fah|aseq 16S/ITS screening panel from the extracted DNA.
tissue or Peyers patches were removed, and the intestiRgquencing libraries were labeled with dierent multiplex
cut longitudinally. Tissue was further cut into small piecesﬁndexing barcodes Table ) for each sample. The indexed

(<0.5cm) and washed multiple times with ice-cold PBSjipraries were quanti ed and paired-end (2 251 bp) MiSeq
For pre-digestion, tissue was transferred into 50ml tube,

containing 20 ml pre-digestion solution (pre-heated to @Y.
1  HBSS (wio C#, or Mg?®, or phenol red), 10mM
HEPES, 5mM EDTA, 1mM DTT, and 5% FCS (fetal calf
serum). Tissue was then incubated for 20 min at @G&vhile  TABLE 1 | Samples used for microbiome analysis and its barcodes.
slowly rotating horizontally. After brief vortex (10 s)stiue was
passed through a 108m cell strainer (without application of Sample-id Barcode-sequence Body site

ressure). Incubation and cell straining were repeated once.
P ) 9 p . §_DUO_DNA ATTACTCGTATAGCCT Duodenum
All ow throughs were collected and subsequently combine
. . . . . 2_Duo_DNA CGCTCATTCCTATCCT Duodenum
to isolate intraepithelial lymphocytes (IELs), while thelsel
. . . . . . 3_Duo_DNA ATTCAGARTATAGCCT Duodenum
retained by the strainer were combined to isolate lamina piapr
4_duo_DNA TCCGGAGAEGGCTCTGA Duodenum
lymphocytes (LPLS). - i
. . . 1_jej_ DNA ATTCAGAGCCTATCCT Jejunum
For LPLs isolation, cells were placed into pre-warmed bu er—" '
2_jej_DNA GAATTCGTGGCTCTGA Jejunum

of the following composition: 1 HBSS (w/o C&, or Mg?,

or phenol red), 100mM HEPES, 0.5 mg/ml collagenase D, 0.%/¢-PNA GAATTCGTATAGAGGC Jejunum
mg/ml DNase, and 5% FCS. Incubation was again performed 4t/®-°PNA CGCTCATCTATAGCCT Jejunum
37 C with horizontal tube rotation, this time for 30 min. Cells 1--29e-DNA TCCGEAGRATAGAGGC Large Intestine
were passed through 108m cell strainer, followed by addition 2-'a798-DNA GAGATTCCGGCTCTGA Large Intestine
of excess FACS bu er. Cells were collected by centrifugdtion 3-'ar9e_DNA ATTACTCGCCTATCCT Large Intestine
10 min at 300g, followed by resuspension in FACS bu er and-'2'9e_PNA GAGATTCCATAGAGGC Large Intestine
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sequencing was performed at the Center for Medical Genomiagith CD4°CD25 LAP® following adoptive transfer (while non-
at Indiana University School of Medicine, using reagents fronCD4® cells or CD#CD25 LAP failed to suppress) 1().
Qiagen. Raw sequencing reads were demultiplexed into separétethese studies, we had transferred 110° cells of either
FASTQ les for each sample with reads from each variablsubset from tolerized to recipient mice. Here, we transferred
region. Sequence quality of the demultiplexed FASTQ lesnore limited cell numbers (300,000 per recipient mouse) from
were assessed usikfASTQCtool and imported intoQIIME2  hemophilia B mice that had been orally tolerized to FIX to
environment. Sequencing data were analyzed usfiitME2  naive mice of the same straifrigure 1A). Recipient mice were
2019.1(ipeline to obtain the microbial diversity and abundancechallenged with FIX in adjuvant, followed by measurement of
in the duodenum, jejunum, and large intestine regior®)(  antibody titers 3 weeks later. Antibody titers were simitammice
The reads from all the samples were separated based tmt received CD4CD25° T cells isolated from the spleens of
ampli ed variable regions (v1v2, v2v3, v3v4, v4v5, v5v79y7v orally tolerized or untreated control micen(D 5/experimental
and ITS) using a QIIME2utadaptplugin. QIIME2with DADA2  recipient group, Figure 1B). In contrast, CD&CD25 LAPC
denoising method was used for quality control and to idgntif T cells from orally tolerized animals suppressed antibody
amplicon sequence variants (ASVs) based on ampli ed variabl®rmation, with titers signi cantly lower as compared to aft
regions. The parameters “—p-trunc-len” and “—p-trim-left’ in CD4°CD25° T cells transfer Eigure 1B). Therefore, LAP
QIIME2 DADA2 denoise-paireglugin were altered based on Treg are the main source of systemic suppression of antibody
read quality distribution. TheQIIME2 Naive Bayeslassi ers formation. These cells are induced by antigen adminisbrati
were built from SILVA 13299% OTUs speci cally for primer on mucosal interphases, and hence we were unable to obtain
sets used for ampli cation of variable region33. Then the su cient numbers of CD4CD25 LAPC T cells in unfed control
QIIME2 q2-feature-classi eplugin was used for taxonomic mice as illustrated ifrigure 1A

assignments of ASVs using the default settings. For IT8¢ebas

classi cation of eukaryotic specie®IIME2 classi er based on  LAPC Treg Are Expanded in the Lamina

UNITE database was use@4j, however as we found a small Propria of the Small but Not the Large

number of taxa only from Protista, the eukaryotic analysiswamtestine

not advanced to the next level. The identi ed taxonomy table Next, we examined the relative frequencies of F&xR@id

were It_e_red gor rzre and Enda.si:led A_SVS' The taxono(rjnchAPc Treg in the immune system lining the small and large
composition based on each variable region was compare ariqukestines in hemophilia B mice upon completion of our oral

viewed usingQIIMEZ taxa barplotplugin at eat_:h ta_xonomic ‘tolerance regimen Rigure 2 and Supplementary Figure S|L
level from klngdom down to Species. Alpha d!ver5|ty analys'%onsistent with our prior ndings (3 19, no increases in
Wan pe_rformed U.S'?g ?”MEzqu'qNer'tg plugm._ 'I_'he enzymdetotal frequencies of Fox®3Treg were found in intraepithelial
producing potentials of microbes in duodenum, jejunum, an lymphocytes (IEL) or lamina propria lymphocytes (LPL) of either

Iarge_ intestine regions were identied usingICRUSt2 v2.2 organ Figure 3A). Compared to untreated mice, frequencies
algorithm based on the sequences and abundance pro les oftqu LAPS Treg also did not change in the large intestine

ASVs identi ed with QIIME2 (35). Predicted microbial enzymes n D 5 per group). However, LAP Treg frequencies were
were mapped to mlcro_bes at various taxonomic levels. T_h igni cantly increased (by 4-folcFigure 3B) among LPLS of the
abundance of enzymes involved in the plant cell wall degradati o intestine (a more modest 2-fold, non-signi cant iease
were compgred among duodenum, jejunum, and Iargg INeSUNG 15 seen in IPLs of the small intestirkégure 3B). Therefore,
regions usingSTAMP 2.1.3software 6. Because dierent our results further support the prevailing model that oral

amplicon regions show di e_rent microbial _composmons and tolerance induction primarily occurs in the immune system of
consequently di erent potentials for producing the enzymes Ofthe small intestine

interest, the highest abundance of each enzyme in any amplicon

region was used for plotting the enzyme box plots across ajjicrobiome Analysis Reveals Presence of

three regions. Bacteria in Duodenum That Are Capable of
Producing Plant Cell Wall Degrading

Enzymes
RESULTS To study the microbiome of the hemophilia B mice, intestinal
LAPCCD25 but Not CD4 €CD25€ contents of four C3H/HeJ Fg mice of the same colony

. used in the oral tolerance experiments were collected for DNA
T Splenocytes Suppre;s Anti-FIX extraction. Contents of duodenum and jejunum/ileum portsn
Formation After Adoptive Transfer of Low of the small intestine were collected separately, in adudlitio
Cell Numbers to contents from the large intestine (colon). All the nine
During oral tolerance induction, total CB4CD25°FoxP¥  variable regions of the 16S ribosomal RNA gene covered by six
Treg frequencies do not signi cantly change in variousamplicons were analyzed by next-generation sequencing (NGS).
organs examined, which is in contrast to the increase irConsistent with ndings by others3?), the microbiomes of the
frequencies of LAP Treg. Nonetheless, we found suppressiorduodenum and jejunum/ileum portion of the small intestine
of antibody formation against FIX to be equally potent aswere dominated by bacteria of thactobacillalesrder (Figure 4,
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FIGURE 1 | Suppression of antibody formation against FIX after adoptvtransfer of Treg.(A) Experimental outline of oral tolerance with bioencapsulat
CTB-FIX/intravenous treatment with FIX, T cell isolation, agtive transfer, and immunization. Donor hemophilia B micedd been treated in this manner or were naive
control mice. Flow cytometry plots show results from puri caion of splenic CD4 CD25° T cells and CD4 CD25 LAPC T cells by ow sorting. (B) FIX-speci ¢ IgG
titers in mice that received either CD4CD25° T cells or CD4 CD25 LAPC T cells after immunization with FIX. Results are averageSD (1 D 5/group). * indicatesP
< 0.05.
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FIGURE 2 | Analysis of Treg subsets in intraepithelial lymphocyte (IEand lamina propria lymphocyte (LPL) populations of smalhd large intestine of hemophilia B
mice using ow cytometry. (A) Time course of oral tolerance regimen with CTB-FIX expresgrplant cells and treatment by intravenous injection of reambinant FIX
protein. (B) Gating scheme and examples of ow cytometry results. Example of small intestine (“small”) and large intestine (“largefesults are shown for
CD4°CD25FoxP3® T cells and CD4 CD25 LAPC T cells. Control mice had not received any treatment.

Supplementary Figures S2A-Eand Table ). The microbiome (b-1,4-endoglucanase) [EC 3.2.1.4], amino-acid N-
of the large intestine was distinct from the small intestineacetyltransferase [EC 2.3.1.1f;glucosidase [EC 3.2.1.21],
with more alpha diversity $upplementary Figures S3A)B  mannan endo-1,4-mannosidase [EC 3.2.1.78], and
and consisted predominantly of bacteria of tBacteroidales pectinesterase [EC 3.1.1.11Fidures 5D-G,I-K compared
Clostridiales Campylobacteralesand Deferribacteralesrders. to duodenum and jejunum/ileum because of its higher
Although both locations contain considerable populations ofmicrobial diversity. Producers of endo-1lhdxylanase [EC
Firmicutes these are predominantlyactobacillales the small  3.2.1.8] were only detected in the large intestifég(re 5K).
intestine andClostridialesn the large intestine. Also, bacteria The jejunum/ileum section only contained higher levels of
from phylum, Bacteriodeteare signi cantly higher in the large bacteria producing 6-phosphb-glucosidase [EC 3.2.1.86],
intestine compared to the small intestine. while producers of carboxylesterase [EC 3.1.1.1] wereasimil
Next, we mined the data for frequencies of species thabundant as for large intestineFigure 5C). Especially, the
are known to produce enzymes involved in degradation ofluodenum population was dominated by producers of
plant cell wall components such as cellulose, xylan, mannaB;phosphob-glucosidase [EC 3.2.1.86] and higher levels
and pectin, or in degradation of lipids or generation of of triacylglycerol lipase [EC 3.1.1.3] than other locations
glucose Table 2 and Supplementary Figure S@ As expected, (Figures 5A,Q. Interestingly, there was also strong evidence
the large intestine provided higher frequencies of bacterifor cellulase, b-N-acetylhexosaminidase, amino-acid N-
producing b-N-acetylhexosaminidase [EC 3.2.1.52], cellulasacetyltransferase, b-glucosidase, xylan 1jdxylosidase,
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and pectinesterase producers in the small intestine regioduodenum of the hemophilia B mice trended to show higher
(Figures 5B,D—H,J). Although di erences between duodenum frequencies of bacteria producing enzymes for breakdown

and ileum/jenunum did not reach statistical signi cancéet
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FIGURE 3 | Frequencies of(A) CD4° CD25%FoxP3° T cells and(B)
CD4°CD25 LAP® T cells among IEL and LPL populations of small and large
intestines of orally tolerized and naive control hemoplalB mice. Results are

of multiple cell wall components Hgures5A,CEH,J
and Supplementary Table S Comparison of the relative
contribution of di erent families of bacteria to the producin

of these particular enzymes in di erent segments of the gut
revealed that these populations are highly distinct between
the duodenum, jejunum/ileum, and the large intestine
(Figures 6A-H. For example, carboxylesterase [EC 3.1.1.1]
producers are dominated bye eribacteraceain the large
intestine and Lactobacillaceaen the jejunum/ileum, while
three dierent families Burkholderiaceae Lactobacillaceae
and Staphylococcacéaeontribute similarly in the duodenum
(Figure 6A). Another example is the high contribution of
Flavobacteriacea® cellulase production in the duodenum,
while lacking contribution ofClostridialesthat is seen in the
colon (Figure 5H). The exception was 6-phosplimglucosidase
[EC 3.2.1.86], which appears to be predominantly produced by
Lactobacillaceda all segmentsKigure 6l).

TABLE 2 | Plant cell wall degrading bacterial enzymes produced by spzes
identi ed in microbiome of hemophilia B mice.

EC23.1.1 Amino-acid N-acetyltransferase
EC3.2.14 Cellulase (endoglucanasd-endoglucan hydrolase)
EC3.2.1.78 Mannan endo-1,4b-mannosidase
EC3.2.1.21 b-glucosidase

EC 3.2.1.37 Xylan 1,4b-xylosidase

EC 3.2.1.52 b-N-acetylhexosaminidase

EC 3.2.1.86 6-phospho-b-glucosidase
EC3.1.11 Carboxylesterase

EC3.1.1.3 Triacylglycerol lipase

EC3.2.1.8 Endo-1,4-b-xylanase

EC3.1.1.11 Pectinesterase
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FIGURE 4 | Relative frequencies of bacterial orders in duodenum, jejuim/ileum, and small intestine of hemophilia B micen(D 4) as determined by bioinformatic
analysis of NGS data. The example shown here is for data obta@d from ampli cation of variable region v3v4.
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DISCUSSION TGF-b, a cytokine that is expressed by CD$0BCs and that is
required for induction of FoxP3 Treg and LAF Treg (42-44).

In our prior studies, up-take of FIX antigen by epithelial The latter suppress in a TGFdependent manner and may serve

cells and DCs (inC'Uding CDl@GDCS, which are critical for as a biomarker for oral tolerance inductioﬂ]ﬂ)_

Treg induction) was observed in all portions of the small Antigen-speci c Treg induction in the small intestine reqes

intestine (L3). Although the immune system of the colon antigen release from the plant cells. Bioencapsulated antigens

contains large numbers of CG€£D25°FoxP$ Treg (‘FoxP8  are protected from acid hydrolysis and digestive enzymes in

Treg”; in part to prevent in ammatory responses to the largethe stomach through thé-1,4 andb-1,6 linkages of plant cell

bacterial population), oral tolerance induction is believeed \all components that mammalian enzymes cannot hydrolyze.

be a function of the small intestine's immune systeBB{ Therefore, enzymatic activities provided by the microbioafe

41). Among the various subsets of Treg, our protocol mosthe small intestine are critical to release FVIII or FIX aysths

robustly induces CD4CD25 LAP® Treg, whose frequencies for delivery to the immune system and Treg induction. The

are substantially increased in Peyers patches and me&entemicrobiome of the small intestine is distinct from that of

lymph nodes (MLNs), while still showing signi cant increasesthe large intestine and dominated birmicutesthat are of

in spleens 13, 19), which is further supported by our new data. the order LactobacillalesThis nding is consistent with the

Additionally, we now demonstrate that plant cell-based Orabreater frequency of producers of 6-phospirgiucosidase as

tolerance induces LAPTreg in the mucosal immune system of compared to the large intestine, highlighting the role of tneall

the small intestine only, thus further supporting its cruciale intestine in nutrient absorption. The large intestine hasmll

in this approach. Detection of LAP (latency-associated peptidgreater microbial diversity but also contains a large proporti

of TGFb) on the surface of T cells re ects high expression ofof Firmicutes These are however most@lostridiales which
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FIGURE 5 | Species relative frequencies of bacteria producing the flawing enzymes in duodenum, jejunum/ileum, and large inteiste of hemophilia B mice as
predicted by PICRUSt2 on different 16S rRNA variable regiomkxonomic pro les. Results are shown for six variable regionanalyzed by NGS (Statistical method-test
was used, asterisks represent signi cance level of a pairwist-test with P-values i.e., ™***' 1e-04, ™ 0.001, ** 0.01, ™ 0.05, ns > 0.05 (not signi cant).
(A) Triacylglycerol lipase(B) Carboxylesterase.(C) 6-phospho-b-glucosidase. (D) b-N-acetylhexosaminidase.(E) Cellulase b-1,4-endoglucan hydrolase).(F)
Amino-acid N-acetyltransferase (G) b-glucosidase. (H) Xylan 1,4b-xylosidase. (I) Mannan endo-1,4-b-mannosidase. (J) Pectinesterase.(K) Endo-1,4-b-xylanase.
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FIGURE 6 | Relative abundance of bacterial orders producing enzymeshat degrade plant cell wall components were identi ed in the dodenum, jejunum, and large
intestine of hemophilia B mice. Results are shown as highestbundance of each enzyme from the tested amplicon regions iduodenum, jejunum/ileum, and large
intestine of the hemophilia B mice(A) Carboxylesterase.(B) Triacylglycerol lipase(C) Amino-acid N-acetyltransferase (D) Pectinesterase.(E) b-glucosidase. (F)
Xylan 1,4b-xylosidase. (G) b-N-acetylhexosaminidase.(H) Cellulase b-1,4-endoglucan hydrolase).(I) 6-phospho-b-glucosidase.

are known to induce FoxPBTreg in the colon 45). Less is likely functions as an initial place for breakdown of plant
known about the role of the small intestine's microbiome ire§f  cells, so that antigens can be released for tolerance iiwfuct

induction, a function that is critical for oral tolerance. The jejunum/ileum location contains Peyer's patches and has
In order to begin to de ne the role of the small intestine’s important functions in antigen uptake and processiig,41).
microbiome in Treg induction in plant cell-based oral toleca Interestingly, composition of the bacterial population that

we reasoned that we needed to rst address the questioproduces the diverse cell wall producing enzymes is highly
of antigen release. Plant cell wall degrading microbes amistinct between the duodenum and the large intestine. This
mostly studied for the colon, addressing end digestion eath feature could potentially be exploited to design probiotics fo
than nutrient absorption and oral immune tolerance, whichduodenum-speci c delivery of enzyme producers. For example,
are functions of the small intestine. Here, we nd that thewith the exception of 6-phosphb-glucosidase, the enzymatic
microbiome of the small intestine, while not as capable as thactivities that we investigated here are provided by betiat
large intestine, does provide diversity of enzyme produdeas t do not belong to the order oLactobacillaleswhich are by far
degrade various components of the plant cell wall and greatéhe most abundant order in the small intestine. Instead, the
levels of triacylglycerol lipase and 6-phosphigiucosidase enzymatic activities are contributed by other types of baate
producers. Within the small intestine, the duodenum tendedthat are present but infrequent in the small intestine, sush a
to have a greater capacity and diversity of such enzymBurkholderialesr Flavobacteriale§herefore, Daniell et al. have
producers compared to the jejunum/ileum. It should also berecently generated plants expressing cell wall degrading ezszym
noted that not all enzymes required for complete cell wal(24, 25). Importantly, oral delivery of pectinase, endoglucanase,
degradation are needed for antigen release which merebsrel exoglucanase, and mannanase before feeding plants cells
on su cient disruption of the cell wall integrity. The duodemm  expressing therapeutic proteins almost doubled drug levels in
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plasma £6). This method would provide more precise dosing ofcells is primarily performed by LAP Treg, which are expanded

the required enzymatic activity than a probiotic approach. in the immune system of the small but not the large intestine.
While not further investigated here, we previously also foundrherefore, optimal release of antigen from the plant cells i th

evidence for induction of Trl (type 1 regulatory T) cells insmall intestine and delivery to the associated immune system

the lamina propria of orally tolerized micel®). These cells key for success of this strategy. Bacteria capable of prayitim

are known to produce large amounts of IL-10. FoXPBreg required enzymatic activities are present in the small ittes(in

on mucosal interphases and L&PTreg also produce IL-10, particularin the duodenum). The composition of this population

and our oral tolerance protocol was unsuccessful in hemaghiliis distinct from that of the large intestine, and their augmtetion

B mice decient in IL-10 (3. Even though our studies on may further enhance plant cell-based oral tolerance inductio

other tolerance induction protocols showed that IL-10 is not

generally required for Treg induction or their ability togpress DATA AVAILABILITY STATEMENT

antibody formation, IL-10 is critical for plant cell-basedab

tolerance induction {3, 47, 48). Moreover, we found that IL-10 All datasets generated for this study are included in the

and TGFb is mainly expressed by LAPTreg upon antigen re-  article/Supplementary Material

stimulation of splenocytes from orally tolerized mice. Adtlgh

our previous adoptive transfer studies do not entirely ruleETHICS STATEMENT

out that contamination with small numbers of LAP Treg

contributed to suppression by CS£D25" T cells, the bulk of All animals are maintained under specic pathogen-free

the literature on oral tolerance to food antigens supports oukconditions at the University of Florida animal facility.

interpretation that FoxP8 Treg contribute to oral tolerance Experiments were performed according to the guidelines of

induction to FVIII and FIX in our studies §8 40, 49). It  the Institutional Animal Care and Use Committee (IACUC) at

has been proposed that F0>5|b3'reg induced in the MLN by the University of Florida.

CD10¥ DCs (following antigen uptake in the LP and migration

to the MLN) subsequently migrate to the LP, where additionalAx THOR CONTRIBUTIONS

stimulation with antigen results in their further expansigfo).

Through expression of IL-10 and other molecules, Féxf8eg SK, XW, and TB performed experiments. SK, XW, NA, CT, CG,

and Trl cells may help shape a local environment that supportgD, and RH designed, analyzed, and interpreted experiments.

induction of LAF® Treg, which are most robustly induced and SK, NA, TB, CT, CG, HD, and RH wrote the manuscript. RH

thus constitute the main type of Treg that suppresses systemégipervised the study.

antibody/inhibitor formation against FVIII or FIX in planbased

oral tolerance. Certain species Gfostridiumand Bacteriodes FUNDING

have been shown to induce IL-10 producing FoXP@reg, e.g.,

via certain polysaccharideS@. Such e ects have not yet been This work was supported by NIH grants RO1 HL133191

documented for other subsets of Treg such as EAReg or o RH and HD, RO1 HL107904 to HD, RO1 HL131093 to

Trl cells.Clostridiumspecies are controlling FoxP3Treg and RH and CT, US54 HL142012 to RH and 5P20GM103427,

Th17 dierentiation and expansion, e.g., through production 5p30CA036727 to CG, as well as National Science Foundation,

of short chain fatty acids (SCFAsj&52), and elimination of ynited States EPSCoR Award (grant OIA-1557417). RH

FoxP$ Treg can lead to increased populations Rifmicutes s supported by the Riley Children's Foundation and the

(53). Similar to FoxP8 Treg and Th17 cells, induction of LAP  Ljlly Foundation.

Treg depends on TGB; and LAF Treg are major contributors

of IL-10 production in our plant cell-based induced immune ACKNOWLEDGMENTS

regulation of responses against FVIII or FIX3. One would

therefore expect similar e ects of the microbiome on LAPreg  The authors thank the Center for Medical Genomics at Indiana

induction. However, the ndings summarized above are based  yniversity School of Medicine for microbiome sequencing.
observations on the colonic microbiome and colonic Tregilevh

LAPC Treg are induced in the mucosa of the small inteStineSUPPLEMENTARY MATERIAL

Analogous mechanisms in the small intestine that may impact

oral tolerance remain to be discovered. The Supplementary Material for this article can be found
In conclusion, suppression of antibody formation by oralonline at: https://www.frontiersin.org/articles/10.288nmu.
tolerance by administration of CTB-FIX bioencapsulated impla 2020.00844/full#supplementary-material
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