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Nasal administration of anti-
CD3 monoclonal antibody
modulates effector CD8+ T cell
function and induces a
regulatory response in T cells in
human subjects
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Background: Parenteral anti-CD3 Mab (OKT3) has been used to treat

transplant rejection and parental administration of a humanized anti-CD3

Mab (Teplizumab) showed positive effects in diabetes. Nasal administration of

anti-CD3 Mab has not been carried out in humans. Nasal anti-CD3 Mab

suppresses autoimmune diseases and central nervous system (CNS)

inflammation in animal models. We investigated the safety and immune

effects of a fully humanized, previously uncharacterized nasal anti-CD3 Mab

(Foralumab) in humans and its in vitro stimulatory properties.

Methods: In vitro, Foralumab were compared to UCHT1 anti-human CD3mAb.

For human administration, 27 healthy volunteers (9 per group) received nasal

Foralumab or placebo at a dose of 10ug, 50ug, or 250ug daily for 5 days. Safety

was assessed and immune parameters measured on day 1 (pre-treatment), 7,

14, and 30 by FACS and by scRNAseq.

Results: In vitro, Foralumab preferentially induced CD8+ T cell stimulation,

reduced CD4+ T cell proliferation and lowered expression of IFNg, IL-17 and

TNFa. Foralumab induced LAP, TIGIT, and KLRG1 immune checkpoint
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molecules on CD8+ and CD4+ T cells in a mechanism independent of CD8 T

cells. In vivo, nasal Foralumab did not modulate CD3 from the T cell surface at

any dose. Immune effects were primarily observed at the 50ug dose and

consisted of reduction of CD8+ effector memory cells, an increase in naive

CD8+ and CD4+ T cells, and reduced CD8+ T cell granzyme B and perforin

expression. Differentially expressed genes observed by scRNAseq in CD8+ and

CD4+ populations promoted survival and were anti-inflammatory. In the CD8+

TEMRA population there was induction of TIGIT, TGFB1 and KIR3DL2, indicative

of a regulatory phenotype. In the memory CD4+ population, there was

induction of CTLA4, KLRG1, and TGFB whereas there was an induction of

TGF-B1 in naïve CD4+ T cells. In monocytes, there was induction of genes

(HLA-DP, HLA-DQ) that promote a less inflammatory immune response. No

side effects were observed, and no subjects developed human anti-mouse

antibodies.

Conclusion: These findings demonstrate that nasal Foralumab is safe and

immunologically active in humans and presents a new avenue for the

treatment of autoimmune and CNS diseases.
KEYWORDS
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Introduction

Intravenous CD3-specific monoclonal antibodies (Mab)

have been investigated as a treatment for autoimmune and

inflammatory disease both in mice and in humans (1). OKT3,

a murine anti-CD3 Mab was FDA approved for the treatment of

acute graft rejection in people (2) and was tested in an open label

trial in subjects with Multiple Sclerosis (MS) (3). Because of side

effects associated with IV Muramomab, primarily cytokine

release syndrome (4) investigators engineered new generations

of anti-human Fc-receptor non-binding CD3-specific antibodies

for use in humans (1) and these have been tested in type 1

diabetes (5, 6) and inflammatory bowel disease (7, 8). One of

these antibodies, Teplizumab has shown effectiveness in the

treatment of type 1 diabetes (9).

A major challenge for the treatment of autoimmune and

inflammatory diseases is the induction of an anti-inflammatory

response that ameliorates disease with minimal side effects. One

such mechanism is the induction of regulatory T cells which have

been shown to play a major role in both animal models and

human diseases (10). The mucosal immune system, which

includes both the gastrointestinal tract and the nasal cavity, has

a well-developed immune response by which the organism

interfaces with the external environment and plays a key role in

immune homeostasis. It has long been recognized that immune

interactions at mucosal surfaces induce tolerogenic responses, of

which the induction of regulatory T cells is a major component.
02
The induction of regulatory cells at mucosal surfaces by the oral or

nasal administration of antigen has been shown to treat a large

variety of autoimmune and inflammatory diseases in animal

models (11). In addition, we found that the mucosal

administration of anti-CD3 mAb by binding to the T cell

receptor in the mucosal environment induces regulatory IL-10-

producing T cells and treats autoimmune and inflammatory

diseases including models of MS (10, 12), diabetes (1, 13, 14),

arthritis (15), and lupus (16). Others have shown that oral anti-

CD3 treats models of colitis (17) and atherosclerosis (18).

In human trials that we and others have conducted, oral

OKT3 was administered to healthy volunteers (19) and to

subjects with nonalcoholic steatohepatitis (20), chronic

hepatitis C infection (21), and ulcerative colitis (22). In these

pilot trials, oral OKT3 induced immune effects and was well

tolerated. Because of our interest in the treatment of progressive

MS, because we found that nasal but not oral anti-CD3 mAb

ameliorated disease in a progressive animal model of MS (10)

and because anti-CD3 mAb had never been given before to

humans, we initiated a dosing and safety study of nasal anti-CD3

in healthy human volunteers. We chose Foralumab a fully

human anti-CD3 monoclonal antibody that has been given by

the intravenous route to patients with moderate to severe active

Crohn’s disease (8). Foralumab has a mutated IgG1arm designed

to reduce the binding to Fc gamma receptors to minimize

infusion related reactions associated with cytokine release

when it is given intravenously. IV Foralumab was given for 5
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days in a dose escalation study of 0.05 mg (n = 5); 0.1mg (n = 3);

0.5 mg (n = 11); 1 mg (n = 12), and 2 mg (n = 1) in patients with

moderate to severe active Crohn’s disease (8). Due to the side

effects in the patient receiving 2 mg, the dose was not escalated

above 1 mg. Our goal was to evaluate the safety and immune

responses of nasally administered Foralumab. We performed a

dose-escalation study of Foralumab in healthy subjects at three

dose-levels (10 µg, 50 µg, and 250 µg) administered intranasally

daily for 5 days to assess safety, and to determine which, if any,

dose induced immune responses in humans. We found that

nasal Foralumab was safe and induced immune responses at the

50ug dose that included modulation of effector CD8+ T cell

function and induced a regulatory T cell response.
Methods

Subjects and study design

The study was a randomized, double blind dose escalation

study of 10mg, 50mg or 250mg nasal Foralumab given for 5 days

(n=6) or placebo (n=3) at each dose level. Placebo consisted of

phosphate acetate buffer. One spray was given into each nostril.

There were two sentinel subjects at each dose level (one placebo

and one active treatment) to evaluate for serious adverse events.

Each subject participated for 30 days. Participants were healthy

volunteers, women and men ages 18 to 65 participated. All

subjects underwent informed consent and were treated at the

Brigham and Women’s Hospital’s Center for Clinical

Investigation (CCI). A controlled particle dispersion device

from Kurve Technology® was used for nasal delivery of

Foralumab. Patients signed an informed consent form. The

study was approved by the Mass General Brigham Human

Subjects Research Committee (IRB).
Study drug

Foralumab (28F11-AE; NI-0401) is a fully human IgG1 anti-

CD3 mAb with the Fc portion mutated such that the mAb is non

FcR binding in vitro which exhibits only minor cytokine release

in vivo while maintaining modulation of the CD3/TCR and T

cell depletion when given I.V (8, 23). Foralumab was developed

by Novimmune and was acquired by Tiziana Life Sciences.
Clinical and laboratory evaluation

Subjects underwent clinical (vital signs) and laboratory

evaluation (hematology, serum chemistry and urinalysis) for

safety and adverse events at days 7, 15 and 30 at which time

blood was drawn for immunologic studies. An otolaryngology

physical exam including sinonasal endoscopy was performed by
Frontiers in Immunology 03
an otolaryngologist at the screening visit, visit 5 (final dosing

day), and at visit 9 (day 30). A nasal questionnaire was

administered at all visits throughout the study.
Analysis of In vitro T cell stimulation by
Foralumab using healthy donor PBMCs

Various T cell populations were isolated from cryopreserved

healthy donor ficoll-gradient-isolated, PBMCs. Total T cells were

isolated using the human Pan T cell isolation kit (Miltenyi Biotec),

CD4 T cells were isolated using the human CD4 T cell isolation kit

(Miltenyi Biotec) or were FACS-sorted to give rise to total CD4 and

non-Treg CD4 T cells, and CD8 T cells were FACS-sorted from

total PBMCs. For FACS sorting, the PBMCs were labeled with e506

viability dye (ThermoFisher), incubated with FcR block, and stained

with CD4 (RPA-T4), CD25 (BC96), CD127 (A019D5), CD8 (RPA-

T8), and CD14 (M5E2) from BioLegend. Autologous accessory cells

were isolated as either irradiated total PBMCs or CD3-depleted

(Miltenyi Biotec) irradiated PBMCs (3,000 rad). Total T cells, CD4

T cells, and non-regulatory CD4 T cells were labelled with Cell

Trace Violet (CTV), while the isolated CD8 T cells were labelled

with Cell Trace Far Red (CTFR) (ThermoFisher). The different T

cells and autologous accessory cells were stimulated in vitro with

soluble anti-CD3 Abs (UCHT1 or Foralumab, 2ug/ml) and rhIL-2

(5U/ml) or with increasing anti-CD3 doses from 1ug/ml to 8ug/ml,

all with rhIL-2 (5U/ml). Replicate control cultures were established

that contained no anti-CD3 but were given either PBS or isotypes at

2ug/ml (mouse IgG1, and human IgG1), which produced the same

lack of stimulation. Cultures were established with different T cells

at the indicated cell number per well: 5x103 “All” (Pan) T cells,

5x103 CD4 (CTV) T cells, 5x103 CD8 (CTFR) T cells, or combined

3.3 x103 CD4 (CTV) and 1.67x103 CD8 (CTFR) T cells (2:1 ratio of

CD4: CD8). All cultures received 1x104 autologous APCs. Cultures

were established in a minimum of triplicate wells in 96-well U-

bottom plates (Costar) in RPMI-1640 medium (Life Technologies)

supplemented with Na Pyruvate, NEAA, HEPES, Glutamine and

PennStrep (all from Gibco), and 2% HuS (Gemini Bioproducts).

After 5 days, the cultures were stained for viability, stimulated with

PMA/Ionomycin and golgistop (BD activation cocktail), and

stained for surface CD8 (RPA-T8 from BD), and CD4 (OKT4),

TIGIT (VSTM3), KLRG1 (MAFA), and LAP (TW4-2F8), then

after fixation/permeabilization with intracellular IFNg (4S.B3), IL-

17 (BL168), TNFa (MAB11) and FoxP3 (206D) (all from

Biolegend) using the FoxP3 buffer set from BioLegend. The

samples were run on a BD Fortessa FACS Analyzer and analyzed

via Flowjo (BD) and prism software (graphing and statistics).
Blood sample processing

PBMC samples used in the in vitro analysis of Foralumab

activity were obtained from healthy donors who donated blood
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under our IRB approved for human studies. Trial participant

subjects gave blood samples at baseline (T1) and at visits

scheduled for 7 (T2), 14 (T3), and 28 (T4) days after drug

administration under a separate approved IRB. The dates of

follow-up varied slightly. Thus, T2 was at 7-10 days, T3 was at

14-18 days, and T4 was at 25-34 days. All blood samples were

processed immediately. Plasma was removed by centrifugation

of the sodium heparin blood collection tubes after which the

blood was then resuspended, diluted with PBS at 1:1 ratio and

applied to Ficoll-Hypaque (GE Healthcare) centrifugation to

isolate the PBMC buffy coat. PBMCs were counted and

resuspended in freezing media (90% FBS/10%DMSO) at 2x107

PBMCs/vial and cryopreserved in liquid nitrogen.
Analysis of trial participant longitudinal
PBMCs by flow cytometry

PBMCs were thawed at 37C into complete RPMI media

(with 2% Human AB serum, Gemini Bio), washed with PBS

and stained for viability (eFluor 506 viability dye, Invitrogen).

5x106 cells from each sample were subjected to surface stain for

lineage and maturation markers followed by staining for

intracellular proteins GzmB, Perf, and FoxP3. For surface

staining, the cells were resuspended in FcR block (30% in

MACS buffer for 15’ at 4C), and then incubated (40’ at 4C) with

the panel of surface antibodies that included CD19 (LT19,

Miltenyi Biotec), antibodies from Biolegend: CD3 (SK7),

CD45RA (HI100), CD127 (A019D5), CD56 (NC1M16.2),

CD20 (2H7), and LAP (TW4-6H10); antibodies from BD

Bioscience: CD4 (SK3), CD8 (SK1), and CD27 (M-T271).

After washing with MACs Buffer (0.1%FBS/PBS, 4C), cells

were fixed and permeabilized using the eBioScience FoxP3

fixation buffer set, then incubated with permeabilization buffer

containing 10% NRS (normal rat serum, 10’ at 4C), followed by

incubation (30’ at 4C) with a panel of intracellular antibodies

that included antibodies from Biolegend: Ki67 (KI67), FoxP3

(206D), IFNg (4S.B3), IL-17 (BL168), IL-10 (JES3-9D7) and

Perf (dG9), and GzmB (GB11, BD Bioscience). The samples

were washed with MACS buffer and each entire sample

analyzed on a BD FACS Symphony flow cytometer with

HTS attachment.
Statistical analysis of the flow
cytometric data

For comparison of change with time for each of the 57

immunologic markers, each treatment group (10ug, 50ug and

250ug groups and combined placebo patients) were analyzed

separately. In each group, the change with time was estimated

using a linear mixed effects model with a fixed categorical effect

of time and a random intercept. The categorical effect of time
Frontiers in Immunology 04
allows estimation of the change from the first measurement to

each of the subsequent measurements. The random intercept

was included to account for the within patient correlation.

Subjects with missing measurements were included in

this analysis.
Single cell RNAseq

Immune cells from the participants that received 50ug

Foralumab were analyzed by scRNA-Seq using the 10X

Genomics platform. Specific immune populations (CD4+ T

cells, CD8+T cells, FoxP3+ Tregs, B cells, monocytes and

dendritic cells), were FACS-sorted from the T1-T4 PBMCs,

hash-tagged, and combined to generate specific samples (see

Supplementary Figure 1 for the FACS-sort gating and

antibodies). All samples were submitted and processed

through 10X Genomics CellRanger pipeline (v3.0). The

analysis of the resultant filtered count matrices was conducted

using the Seurat single cell toolkit (v4.1) in R. Count matrices

were first demultiplexed and filtered to remove any doublets and

negatives. Demultiplexed samples were then filtered further to

remove cells with high mitochondrial gene transcript

percentages (>20%), cells with low feature diversity (<1000

UMIs) , and cel ls with abnormally high transcript

counts (>20000). Data was then normalized and scaled by

using Seurat’s default parameters with NormalizeData,

FindVariableFeatures, and ScaleData functions. PCA was used

to reduce the dimensions of the dataset before clustering the

cells. Visualization of the clustering was completed through use

of the UMAP algorithm packaged within Seurat. Removal of

unwanted influence of gender differences was completed using

the Harmony package (v0.1.0) before running differential

expression analysis within Seurat. Accessory packages for the

analysis and visualization of results were dittoSeq (v1.4.4) and

ggplot2 (v3.3.5).
Antigen arrays

Antigens were transferred to 384-well polypropylene plates

(Genetix, X6004), resuspended in DMSO (1mg/mL) and spotted

onto Epoxy microarray slides (Grace Bio-Labs, 405278) using a

microarrayer (Aushon 2470) equipped with solid spotting pins. The

microarrays slides were then blocked for 1 h at 37°C with 1% BSA

and incubated for 2 h at 37°C with a 1:10 dilution of the samples in

blocking buffer. The slides were later washed and incubated for 1 h

at 37°C with a 1:100 dilution of goat anti-human IgG Cy3-

conjugated and goat anti-human IgM AF647-conjugated

detection antibodies (Jackson ImmunoResearch). Blocking,

probing, and washing steps were performed using an HS 4800

Pro Hybridization Station (Tecan). Finally, the slides were scanned

using a microarray scanner (Tecan Powerscanner).
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Statistical analysis of antigen array data

Statistical analysis was performed on the normalized intensities.

The p values were obtained by using the generalized linear model in

R and the log2 fold change was obtained by log transforming the

ratio between the medians of two conditions.

Results

Demographics and study outline

Thedemographic characteristics of each cohort (10ug, 50ug, and

250ug) and the placebo are shown inTable 1. The patient disposition

is shown inSupplementalFigure2.Onepatient in eachdosingcohort

discontinued in the study due to non-drug related reasons.
Safety

The treatment was well tolerated by all subjects. No systemic

effects were observed at any dose including changes in vital signs

(temperature, pulse, blood pressure) or in liver, kidney and

hematologic measures (complete blood counts, including

differential) during treatment or follow-up. No abnormalities

were observed on otolaryngology examination. No EBV

reactivation was observed (Table 2).
Unique In vitro T cell activation by
Foralumab

To determine if stimulation through the fully human, FcR

modified, Foralumab antibody gave unbiased human T cell

proliferation analogous to that induced by other anti-CD3
Frontiers in Immunology 05
antibodies commonly used in research, we established replicate

cultures of CD4 T cells (CTV) stimulated with APCs consisting of

either total or CD3-depleted PBMCs, and cultures of All T cells

(CTV) (containing both CD4 and CD8 from Pan T cell isolation)

stimulatedwithT cell depletedPBMCs.The cultureswere stimulated

with either Foralumab (modified IgG1) or the UCHT1 (IgG1) anti-

CD3 mAb. After 5 days, the cultures were stained to determine

viability, CD4+ and CD8+ lineage, extent of proliferation using cell

trace dilution, and cytokine expression. As shown in Figure 1 we

found that Foralumab induced strikingly lower CD4 T cell

proliferation in cultures established with All T cells as compared to

UCHT1stimulation (Figures 1A,B).The reducedproliferationof the

CD4 T cells in the ‘All T cell’ cultures was also associated with a

significant increase in loss of viability by both divided and non-

divided CD4 T cells. As poor TCR signaling could give rise to low

viability, we tested whether the poor viability of CD4 T cells in

Foralumab stimulatedAll T cell cultureswas abrogated by increasing

the dose of the Foralumab Mab (Figure 1C). Upon establishing the

assay with increasing amounts of UCHT1 or Foralumab in cultures

of either purified CD4 T cells vs all T cells, the data suggests that

competition for anti-CD3 Mab does not affect the outcome as poor

CD4 T cell viability was observed at all doses of Foralumab as

compared to UCHT1 cultures, and only in the cultures that

contained all T cells.

Inhibitory effects of anti-CD3 in humans have been proposed

to act by altering the balance of Th subsets (24, 25). Thus, we also

examined whether Foralumab stimulation resulted in an altered

Th1 or Th17 frequency. As shown in Figures 1A, B, we found that

in the presence of CD8+ T cells, Foralumab stimulated CD4+ T

cells exhibited reduced expression of IFNg (Th1), IL-17 (Th17)

and TNFa as compared to the Foralumab or UCHT1 stimulation

of pure CD4+ T cells. In contrast the CD8 T cells in these cultures

showed no change in viability, proliferation or frequency of

cytokine expression when stimulated with UCHT1 or Foralumab.
TABLE 1 Demographics of nasal Foralumab dose cohorts (10mg, 50mg, 250mg) and placebo group.

Placebo Foralumab (10mg) Foralumab (50mg) Foralumab (250mg) Foralumab-all doses

N 9 6 6 6 18

Male 6 (66.7%) 4 (66.7%) 3 (50%) 1 (16.7%) 8 (44.4%)

Female 3 (33.3%) 2 (33.3%) 3 (50%) 5 (83.3%) 10 (55.6%)

Mean age +/-SD (range) in years 38.0+/- 16.6 (22-65) 35.8+/-15.5 (23-60) 24.3+/-3.4 (19-29) 29.5+/-11.0 (21-51) 29.9+/- 11.5 (19-60)

Race

White 6 (66.7%) 3 (50%) 2 (33.3%) 1 (16.7%) 6 (33.3%)

Black or African American 2 (22.2%) 0 (0%) 0 (0%) 1 (16.7%) 1 (5.6%)

Asian 1 (11.1%) 1 (16.7%) 2 (33.3%) 2 (33.3%) 5 (27.8%)

American Indian or Alaska Native 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Native Hawaiian or other Pacific 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Other or Unknown ethinicity 0 (0%) 2 (33.3%) 2 (33.3%) 2 (33.3%) 6 (33.3%)

Hispanic or Latino 1 (11.1%) 1 (16.7%) 2 (33.3%) 1 (16.7%) 4 (22.2%)

Non-hispanic or Latino 8 (88.9%) 3 (50%) 4 (66.7%) 5 (83.3%) 12 (66.7%)

Unknown or not reported 0 (0%) 2 (33.3%) 0 (0%) 0 (0%) 2 (11.1%)
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We next asked specifically whether CD8 T cells had to be

present for Foralumab to exert these unusual effects on CD4 T

cell viability and expansion by establishing cultures of FACS-

sorted CD4 T cells with and without autologous FACS-sorted

CD8 T cells and stimulated with either anti-CD3 Mab

(Figure 1D). In addition, in order to test the potential

mechanism whereby the CD8 T cells regulate the co-cultured

CD4 T cells, replicate assays were also established in the presence

or absence (isotype) of a blocking anti-CD8Mab (SL1) known to

reduce CD8 T tetramer binding and activation (26, 27). In these

assays, as compared to UCHT1 stimulation, while CD4 T cells

stimulated alone with Foralumab showed some reduction in

viability and proliferation, if the cultures contained CD8 T cells

there was an extremely high loss of CD4 T cell viability that was

sensitive to reversal with CD8 blockade. In addition, Foralumab

stimulation markedly induced the expression of LAP, KLRG1

and TIGIT on CD4 T cells as well as on the CD8 T cells in

cultures where they had been added. These data suggest that
Frontiers in Immunology 06
Foralumab may directly induce greater inhibitory molecules on

CD8 T cells and on CD4 T cells stimulated in the presence and

absence of CD8 T cells. Of note, the blockade of CD8, which is

known to reduce CD8 activation, also reduced the CD8 T cell

expression of LAP. Yet, although these data suggest that

Foralumab induced a CD8+ T cell-mediated regulation of

CD4+ T cells, we did not observe an increase in FoxP3

expression in Foralumab-stimulated CD8 T cells in these

cultures (data not shown). Similar results were obtained when

this assay was replicated with CD4 T cells that were FACS sorted

to lack CD25hiCD127lo regulatory T cells (Supplementary

Figure 3). Additional assays were established to address

whether Foralumab mediated regulation of CD4 T cell

activation arose due to nutrient exhaustion. Although the

assays were only established with 5,000 T cells, we excluded

the potential role of nutrient exhaustion by replacing media at

day 3 in one set of replicate plates vs the control set of cultures

that remained untouched until day 5 (see Supplementary
TABLE 2 Treatment-emergent adverse event (TEAE).

System organ class Placebo
N=9

Foralumab
(10ug) N=6

Foralumab
(50ug) N=6

Foralumab
(250ug) N=6

Foralumab-all doses
N=18

Subjects with at least one TEAE 2 5 5 2 12

Number of TEAEs by severity 3 15 9 3 27

Severity 27

Non-serious 3 15 9 3 27

Serious 0 0 0 0 0

Ear and labyrinth disorders 3

Non-serious 0 2 1 0 3

Serious 0 0 0 0 0

Gastrointestinal disorders 2

Non-serious 0 0 2 0 2

Serious 0 0 0 0 0

Immune system disorder 1

Non-serious 0 0 1 0 1

Serious 0 0 0 0 0

Infections and infestations 9

Non-serious 0 8 0 1 9

Serious 0 0 0 0 0

Injury, poisoning and procedural
complications

1

Non-serious 0 1 0 0 1

Serious 0 0 0 0 0

Nervous system disorders 6

Non-serious 0 3 2 1 6

Serious 0 0 0 0 0

Skin and subcutaneous tissue disorder 5

Non-serious 3 1 3 1 5

Serious 0 0 0 0 0
Bold values are p<0.05.
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FIGURE 1

The Foralumab anti-CD3 mAb exhibits unique in vitro stimulation properties via its capacity to induce regulatory function in CD8 T cells. (A)
Representative FACs plots are shown for the changes in viability, proliferation and cytokine expression by cell trace labeled CD4 T cells when
stimulated with UCHT1/IL2 or Foralumab/IL2 when purified or in the presence of non-CD4 T cells, and irradiated PBMCs (with and without
T cell depletion) as APCs. (B) Graphical analysis of changes in features within the cell trace diluted CD4 T cells (from three healthy donors) in
response to the different culture conditions. (C) Changes in viability was examined in a dose response of 5,000 T cells stimulated with
Foralumab/IL2 (filled) vs UCHT1/IL-2 (open) as compared to mIgG1/IL-2 or huIgG1/IL-2. Viability was determined at 5 days by e506 staining. (D)
FACS-sorted total CD4 T cells were stimulated alone (open) or together with autologous FACS-sorted CD8 T cells (filled) with mIgG1 (isotype
for UCHT1), huIgG1 (isotype for Foralumab), UCHT1 or Foralumab. All in the presence of IL-2 (5U/ml), and T cell depleted irradiated PBMCS as
APCs. On day 5, the cultures were harvested and measured for viability, proliferation, and surface expression of LAP, KLRG1 and TIGIT, and
intracellular FoxP3. (E) CD8 T cells that were stimulated with Foralumab for 4 days were tested for the capacity to kill activated UCHT1 or
Foralumab stimulated CD4 T cells. On day 4, the different anti-CD3 stimulated CD4 and CD8 T cells were harvested, washed and re-plated in all
combinations in the presence of IL-2 (5U/ml) at the indicated ratios (5,000 CD4 and 2X or 4X activated CD8 T cells). The information for the
isotypes reflected features expressed by cell trace high populations as there was no proliferation. For all graphs, significance was determined by
One-Way ANOVA with Sidak’s correction for multiple comparisons, * p<0.05, **p<0.01, ***p<0.005.
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Figure 4). All together these data suggest that Foralumab-

stimulation induces CD8 T cells to exhibit a CD4 killing/

regulatory function.

Although identifying an anti-TCR mAb that selectively

activates CD8+ vs CD4+ T cells might appear unusual, the

humanized, Fc-altered Teplizumab anti-CD3 mAb, was also

reported to induce selective in vitro expansion of CD8+ T cells

(28), which they proposed arose due to Teplizumab inducing a

population of CD8+FoxP3+ regulatory T cells that killed the

CD4+ T cells that were present in the same culture. Thus, we

next asked whether Foralumab acted via this mechanism of

inducing regulatory CD8+T cells. To test this, we separately

stimulated FACS purified CD4 and CD8 T cells with Foralumab

or UCHT1 for four days, before the cells were harvested, washed

and re-plated in all combination overnight co-cultures at CD4:

CD8 ratios of 1:0, 1:2, and 1:4. As shown in Figure 1E, the

Foralumab stimulated CD8 T cells not only induced a striking

loss of viability by Foralumab-stimulated CD4 T cells, but also

reduced the viability of the UCHT1 stimulated CD4 T cells at the

1:4 ratio. Although these data strongly suggest that Foralumab

induces regulatory function in CD8 T cells (29) and also

increases the sensitivity of CD4 T cells to regulation, the

mechanism by which Foralumab exerts this unusual activity

remains unclear.
Nasal Foralumab does not modulate CD3
from the T cell surface

IV administration of anti-CD3 mAbs induces the down-

modulation of CD3 from the T cell surface (1). In the study of IV

Foralumab in Crohn’s disease, CD3 modulation was observed at

all dose levels (50ug, 100ug, 500ug and 1000ug) with the greatest

effect seen at the 500 ug and 1000 ug doses. The highest dose of

Foralumab we administered nasally was 250ug which is

generally less than what has been administered IV with

Foralumab and other mAbs (1). In animal studies, we did not

observe downregulation of CD3 on T cells following oral (12) or

nasal administration of anti-CD3 even at doses that resulted in

modulation of CD3 given by the IV route. Whether the lower

amounts of Foralumab and the nasal route of administration

would result in modulation of cell surface CD3 is unknown. To

address this, we stained the longitudinal PBMC samples from

baseline (T1) and the T2, T3, and T4 timepoints after the 5-day

regimen of daily nasal Foralumab and performed cytometric

analysis to determine the frequency and mean fluorescence

intensity of the cells that bound anti-CD3, and whether the

number of circulating CD3+ cells change overtime with

treatment. As shown in Figure 2A, we found no change in the

frequency of CD3+ cells (top) or intensity of CD3 expression

(MFI, middle) as well as T cell counts at any dose in samples

obtained beginning at 3 days after the dosing (T2). We also
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found no change in the frequencies of B cells (as percent of

PBMC) or FoxP3+ Tregs (as percent of CD4 T cells) or in the

CD4 and CD8 ratios over time (not shown).
Immune effects of nasal Foralumab
occur at the 50ug dose

To determine whether immunologic effects were observed

following nasal Foralumab, we stimulated PBMCs with PMA/

ionomycin for 4 hours and then stained by flow cytometry for

surface and intracellular proteins. We compared pre-treatment

(T1) vs the post treatment (T2, T3, and T4) timepoints for the

10ug, 50ug, and 250ug doses and placebo. We found reductions in

pro-inflammatory, activated subsets of both CD4 and CD8 T cells

that were primarily observed in the group that received the 50 ug

dose. We used CD27 expression in lieu of CCR7 to define

maturational states as CCR7 expression is reduced on T cells

after cryogenic preservation (30). In terms of CD8+ cells, as

shown in Figures 2B, C, there was a decrease in the frequency

of effector memory cells at T2 and T3. Additional changes

observed in CD8+ cells in the 50ug dose included decreased

frequency of TEMRAs (CD45RA+CD27-), increased frequency

of naïve cells (CD45RA+CD27+) (Figures 2B, C), and decreased

expression of granzyme B and Perforin 1, though no changes were

observed in CD8+ central memory cells (Figures 2B, C; Table 3).

In terms of CD4+ cells, as shown in Figures 2B, C we found an

increase in CD4+ naïve cells at time point 2 and 3. As shown in

Table 3 other changes were observed in CD4+ cells at the 50ug

dose including a decrease in frequency of CD4+ effector

memory (Tem,CD3+CD4+CD45RA-CD27-) and TEMRAs

(CD3+CD4+CD45RA+CD27-) as well as a decrease in granzyme

B expression in CD4+ cells. As was the case with CD8+ cells, no

changes were observed in CD4+ central memory cells. No changes

were observed in CD4+ Foxp3+ cells. No other changes were

observed. Of note at the 10ug dose we observed a decrease in CD8

perforin (T2 and T4 (Figures 2B, C). The lower number of

changes observed at the 250ug dose is consistent observations

that immunomodulatory immune effects may be lost at higher

doses (11, 31).
ScRNAseq analysis in subjects receiving
the 50ug dose

Given that immunologic effects were primarily observed in

subjects receiving the 50ug dose, we performed scRNAseq on

isolated immune populations at baseline and post-treatment.

Cell populations were FACS-sorted at the same time to prevent

batch effects. Consistent with the flow cytometry analysis above,

scRNAseq analysis showed a decrease in the frequency CD8

TEMRA and effector memory cells and an increase in the
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frequency of naïve CD8+ T cells (Figure 3). Most of the changes

were observed in the first timepoint after 5 days of treatment

(T1, baseline vs T2).

We then identified genes that were differentially expressed

(DEGs) between baseline (T1) and 3-5 days after treatment (T2)

in FACS-sorted CD8+, CD4+, Treg, and monocyte populations

(Figures 3C–E). CD8+ T cells exhibited the highest number of

DEG (109 genes), with CD4 T cells (non-regulatory), Tregs, and

monocytes exhibiting DEG in 94 genes, 5 genes, and 3 genes

respectively. Some of the DEG functioned in homeostatic cell

biological processes (CD8-28%, CD4-53%, Treg-20%,

monocyte-33%), whereas most up- or down-regulated genes

have immunologic functions (78 genes in CD8 T cells, 44

genes in CD4 T cells, 4 genes in Tregs, and 2 genes

in monocytes).
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We then examined the function of the immune-related DEG

in each cell type to elucidate the immune pathways affected by

nasal Foralumab. In the CD8+ T cells (Figure 3C), the genes that

were down regulated were primarily involved in promoting

survival (STAT1, MTRNR2L8, PIM1, FCMR, and IL7R),

augmenting cytokine production (BCL11B, ETS1, TRIM22,

TDF7 and JUNB), inducing cell dysfunction (CD160, DUSP2),

and enhancing cytotoxicity/signaling (PIP4K2A, PIK3R1, XCL1,

FLNA, KLRF1, KLRK, and MAPK1). In contrast, the genes that

were upregulated in CD8 T cells were anti-inflammatory as they

limit protease/proteosome activity (RARRES3, PSMB2),

augment anti-oxidative defense (GLRX, IERS), increase

expression of inhibitory receptors (LAIR2, LY6E, and

AXNA5), and yet also may promote migration (CX3CR1

and ITGB1).
B C

A

FIGURE 2

Surface CD3 and Foralumab dosing (A) Longitudinal PBMCs were stained for CD3 and measured for changes in frequency of CD3+ cells, the
intensity of CD3 (MFI) and total T cell counts as compared to baseline (T1) levels. (B) Lineage and differentiation markers in 10ug, 50ug, 250ug
and placebo groups. CD4+CD45RA+CD27+ are CD4+ naïve; CD3+CD4-CD8- are DN LAP+; CD8+CD45RA-CD27- CD8 Tem; GZMB+ and
PRF1+ in total CD8+ cells is shown. (C) Shows the change with time was estimated using a linear mixed effects model with a fixed categorical
effect of time and a random intercept. *p<0.05, **p<0.001). N=6, placebo N=6.
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We then asked whether the response of memory CD8+ T cell

subsets to nasal Foralumab included the induction ofTIGITwhich is

associated with the IV administered anti-CD3 antibody Teplizumab

(32) thathas efficacy in treatingT1Dpatients (9) and the inductionof

certainKIR familymember geneswhichhave recently been shown to

play a role in regulating autoimmune responses (33). Indeed, as

shown in Figure 3F, we found that the nasal Foralumab treated

CD8+effectormemorypopulations showed inductionofTIGIT (T2),

andKIR3DL2 (T2)whereas theCD8+TEMRApopulationexhibited

induction of TIGIT (T3), TGF-B1 (T2,T4) and KIR3DL2 (T2).

The scRNA-Seq analysis of the non-regulatory CD4+ T cells

indicated that Foralumab treatment resulted in reduced gene

expression by all maturational subsets (Figure 3D). The most

affected CD4+ T cells were in the activated subsets (intermediate,

memory and LGALS1 signature cells) which exhibited reduced

expression of genes involved in promoting cell migration (CXCR4,

NKG7, CCL5, GzmM and SRGN), cytokine production/signaling

(ETS1, IL6ST, BCL11B, JUNB, TNFRSF4) and proteosome

activation (PCBP2, PSMA6, PSMB10 and PSMA2). In contrast,

the small number of genes that were up-regulated in CD4+ T cells

appear to function to reduce NF-kB signaling (AES), proteosome

activation (RARRES3) and apoptosis (MAL), again indicating a less

activated state. Furthermore, as shown in Figure 3G,we found that in

memory CD4+ T cells nasal Foralumab induced CTLA4 (T2, T3),

KLRG1 (T4), and TGFB1 (T2). These results with KLRG1 are

consistent with changes we observed following in vitro stimulation

of CD4+ T cells by Foralumab (Figure 1).

The scRNA-Seq analysis of monocytes (Figure 3E) generated

gene based clusters representing three classes of monocytes: 1)

classical monocytes, which are associated with anti-bacterial

activities; 2) non-classical monocytes, which are involved in

immune surveillance, and 3) intermediate monocytes that are the

most potent inducers of T cell activation. In the classical monocytes,

the DEG genes with reduced expression are either induced by

inflammation (LGALS1, SOD2, and CRIP1) or promote
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inflammation (GADD45B, DUSP1, FOS and SRGN). Of the DEG

genes in the intermediate monocytes, five were genes that affect

antigen presentation (HLA-DQB, HLA-DRB, CD74) or reduce the

monocyte activation state (EFHD2 and RARRES3). In the non-

classical monocytes, genes involved in antigen presentation (HLA-

DPA1andHLA-DPB1)were increased. It hasbeen reported thatDQ

and DP restricted T cells produce higher levels of IL-10 whereas DR

restricted T cells produce higher levels of IFNg (34). Thus, nasal

Foralumab induces monocytes that promote a less inflammatory

immune response.

In the Treg population (Supplementary Figure 5), four DEGs

were identified, and all had decreased expression. Tregs had

reduced expression of JUNB which may enhance Treg stability

by inhibiting Th17 differentiation; USP15 which may reduce

sensitivity to TGFb signaling, and MTRNR2L8 which may alter

sensitivity to apoptosis.

We then examined the relationship of the identifieddifferentially

expressedgenes to immune functions todeterminewhether theupor

downregulated genes tended to be associated with a pro- or anti-

inflammatory response. As shown in Supplementary Figure 6 for

CD8+ TEMRA cells, 17/19 genes that promoted inflammatory

immune function were down-regulated, whereas 14/24 genes that

dampened inflammatory immune function were up-regulated.
Antigen microarrays

Antigen microarrays are a unique tool for the study of the

immune system in health (35) and disease (36, 37). We used an

antigen microarray containing a broad panel of antigens (n=550)

that included self and non-self-proteins, heat shock proteins,

and infectious agents to investigate the effects of nasal

Foralumab on the immune repertoire. We had previously used

antigen arrays to investigate the immune response in healthy

subjects treated with oral OKT3 antibody (19) Figure 4A-C. We
TABLE 3 Estimated change from baseline to each follow-up time point in patients in the 50 mg dose.

(T1) to T2 (T1) to T3 (T1) to T4

CD4 FoxP3+ 0.16; p=0.61 -0.01; p=0.98 0.16; p=0.63

CD8+nv 8.07; p=0.003 6.75; p=0.01 5.69; p=0.03

CD8+GzmB+ -5.43; p=0.02 -4.85; p=0.03 -5.17; p=0.03

CD8+Tem -2.71; p=0.004 -2.13; p=0.01 -1.27; p=0.14

CD8+TEMRA -4.01; p=0.04 -3.8; p=0.06 -4.4; p=0.04

CD8+Prf+ -1.22; p=0.08 -1.5; p=0.04 -1.38; p=0.07

CD8+Tcm -1.44; p=0.20 -1.22; p=0.27 -0.6; p=0.61

CD4+nv 6.01; p=0.04 6.49; p=0.03 2.28; p=0.42

CD4+Tem -3.1; p=0.07 -3.29; p=0.05 -0.66; p=0.70

CD4+TEMRA -2.24; p=0.05 -2.26; p=0.05 -1.81; p=0.13

CD4+GzmB+ -2.05; p=0.06 -2.25; p=0.04 -1.57; p=0.17

CD4+Tcm -0.91; p=0.51 -0.84; p=0.54 0.03; p=0.98
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FIGURE 3

RNA-seq analysis on PBMCs from healthy volunteers treated with 50ug of Foralumab. (A) Graphical depiction of the single cell analysis of the
CD8+ population isolated from PBMCs showing the cell types that were defined by the clusters based on unbiased DEG the changes in CD8
maturational state subsets derived from the scRNA data in aggregated bar (B) graphs or line graph analyses. (C) Different maturational subsets of
CD8 T cells show unique DEG between baseline (T1) and T2. Heatmap presentation of the genes that exhibited increased or decreased
expression from baseline after Foralumab treatment. Gene expression values were used to separate the cells into naïve CD8 T cells, naïve-like
CD8 T cells (differed from naïve in expression of top group of genes), intermediate CD8 T cells (exhibited features of both naïve and memory
cells), effector memory, and TEMRA. (D) Different maturational subsets of CD4 T cells Gene expression values were used to separate the cells
into naïve CD4 T cells, intermediate CD4 T cells (exhibited features of both naïve and memory cells), memory CD4, and memory CD4 with
strong GALS1 gene expression. (E) Different functional subsets of monocytes. Gene expression values were used to separate the cells into
classical, non-classical and intermediate subsets. (F) Violin plots showing changes in expression of TIGIT, TGFb1 and KIR3DL2 in CD8 effector
memory and CD8 TEMRA cells. (G) Violin plots showing changes in expression of CTLA4, KLRG1, and TGFb1 in naïve CD4 T cells and memory
CD4 T cells. Unpaired two-sided T-test against timepoint 1 (T1vT2, T1vT3, T1vT4) was used to get the posted significance score if it changed
from the baseline. *p<0.05, **p<0.001, ***p<0.0001, ****P<0.0001, ns, not significant).
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measured the effect of nasal Foralumab on IgG and IgM

reactivities determined at T1 vs T2 and found that changes

were observed primarily in those receiving the 50ug dose

(Figures 4A–C). Figure 4A shows that treatment with nasal

Foralumab resulted in significant changes in the reactivity of the

T-cell-dependent IgG repertoire. These findings are in

agreement with the significant effects on the T cell response

we detected in functional assays and by scRNAseq.
Frontiers in Immunology 12
Discussion

We found that nasal Foralumab given to healthy subjects

was safe at doses of 10ug, 50ug and 250ug given for 5 consecutive

days and that immune effects were predominantly observed at

the 50ug dose. A dose effect with 50ug being more

immunomodulatory than 250ug is consistent with animal

studies of mucosal tolerance in which higher doses do not
B

C

A

FIGURE 4

Serum IgG and IgM antibody reactivity in patients treated with 50ug. Heatmap representing the mean delta change from Timepoint 1(baseline)
to Timepoint 2 (day 7) for: IgG (A) and IgM (B) antibody reactivity in serum samples from patients. (C) Volcano plot representing differential IgG
and IgM antibody reactivity. Cut-off criteria was defined as p-value < 0.05 and log2 fold change > 1 or < −1.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.956907
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chitnis et al. 10.3389/fimmu.2022.956907
induce immune regulation, most likely due to the partial

signaling that occurs at intermediate doses which favors the

induction of regulatory cells (11, 25). The biologic effect of nasal

anti-CD3 is markedly different from that which occurs with IV

anti-CD3. IV anti-CD3 is associated with modulation of CD3

from the cell surface, a decrease in CD3 cells and side effects that

include cytokine release syndrome and in some instances

activation of EBV (1). EBV reactivation was observed with IV

Foralumab at the 500ug and 1000ug doses. With nasal

Foralumab, we did not observe EBV activation at any of the

doses or modulation of CD3 from the cell surface and we did not

find Foralumab in the bloodstream. Thus, unlike IV

administered anti-CD3 which acts systemically by lysing CD3+

T cells, followed by immune reconstitution, nasal anti-CD3 acts

locally at the mucosal surface as an immunomodulatory agent.

In animal studies, we found nasal anti-CD3 localized to the

cervical lymph nodes and as with human studies, we did not

observe nasal anti-CD3 in the bloodstream of animals.

We compared the in vitro activation properties of Foralumab

to a commonly used anti-CD3 monoclonal antibody UCHT1. We

found that Foralumab induced preferential CD8+ T cell

proliferation and reduced CD4+ T cell proliferation. Foralumab

stimulation of purified CD4+ T cells resulted in higher expression

of KLRG1, something we also observed in CD4 memory cells in

the nasal Foralumab treated subjects. The in vitro assays also

demonstrated that Foralumab-stimulated CD8 T cells exhibited

regulatory function via their capacity to kill CD4 T cells.

In our animal studies, we found that nasal anti-CD3 induced

LAP+ IL-10 secreting Tregs that could adoptively transfer

protection (11, 12, 14, 15). We did not find a prominent

increase in IL-10 in our human studies, though we did observe

an increase of DN LAP+ T cells in 50ug treated subjects at the T4

timepoint, and LAP expression on CD4 and CD8 T cells after in

vitro Foralumab stimulation. The major effects we observed with

nasal Foralumab occurred in CD8+ T cells which is consistent

with the effects observed with other anti-CD3 monoclonal

antibodies given IV in humans (23, 32). We found a reduction

of CD8+ effector memory cells, an increase in naïve CD8+ as well

as CD4+ cells, and a reduction of CD8+ T cell granzyme B and

perforin expression. In addition, our antigen array studies also

showed most prominent effects at the 50ug dose.

scRNAseq analysis of the subjects receiving the 50ug dose

allowed a more detailed analysis of the immune effects of nasal

Foralumab. Although some of the DEGs functioned in

homeostatic cell biologic processes, most of the affected DEGs

had immunologic functions. In the CD8+ population the majority

of the induced genes were anti-inflammatory. Interestingly, both

in vitro stimulation and in vivo administration of Foralumab

induced CD8 T cell expression of TIGIT and KLRG1 which was

also observed with IV administration of Teplizumab (32).

Furthermore, similar to the recent report that KIR+CD8+ T cells
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are regulatory via their capacity to suppress pathogenic T cells and

are active in autoimmune diseases and COVID-19 (33), we found

that the nasal Foralumab treated CD8+ TEMRA show induction

of KIR3DL2 in addition to TIGIT, KLRG1 and TGFB1, while LAP

(TGFb), TIGIT and KLRG1 are induced on in vitro Foralumab-

stimulated CD8 T cells. As regulatory CD8 T cells are poorly

defined (38) it is unclear whether the expression of these

inhibitory molecules may define a regulatory CD8 T cell

population. Similar patterns were observed in non-regulatory

CD4+ T cells with downregulation of DEGs associated with

activated subsets. Upregulated genes in CD4+ memory cells

included KLRG1 and TGFB1, which is consistent with what we

observed following in vitro stimulation of CD4 T cells by

Foralumab. Only minimal changes were observed in the Treg

population with only 4 DEGs identified that included reduced

expression of JUNB which may enhance Treg stability by

inhibiting Th17 differentiation. Thus, it does not appear that

nasal Foralumab is directly expanding classical Tregs. Changes

were also observed in monocyte populations including expression

of DQ and DP which are associated with T cells that produce

higher levels of IL-10. Taken together, we found that nasal anti-

CD3 has a strong immunomodulatory effect on the immune

response that is dose dependent, decreases inflammation and

promotes regulation.

Of note, as we were completing the present study of

Foralumab in healthy volunteers, the scientific community was

confronted with the COVID pandemic and the need for

therapeutic approaches to treat the immune hyperactivity that

occurs. We thus performed a pilot study in which 39 mild to

moderate COVID-19 patients were given nasal Foralumab at a

dose of 100 µg daily for 10 days or placebo (39). We observed a

reduction of serum IL-6 and C-reactive protein in Foralumab

treated subjects and more rapid clearance of lung infiltrates.

Foralumab treatment was well-tolerated with no severe adverse

events. These results further establish the safety and immune

modulatory properties of Foralumab. We are currently

undertaking scRNAseq analysis of this COVID treated cohort.

In the current study we treated subjects for 5 consecutive

days and measured immune responses over the ensuing month.

Marked changes were observed at the 50ug dose beginning at

day 7 following treatment, after which the response began to

wane. An important question relates to how frequently subjects

with disease should be treated and with what regimen. To this

end, we have initiated treatment of a subject with non-active

progressive MS in which nasal Foralumab was given at a dose of

50ug three times per week in cycles involving 2 weeks on therapy

followed by one week off therapy. We found that nasal

Foralumab in this non-active SPMS patient treated over a 12-

month period reduced microglial activation on [F-18]PBR06

PET imaging, decreased levels of proinflammatory cytokines,

and had positive clinical effects. No side effects were observed
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(40). Additional patients are currently being treated with nasal

Foralumab at the Brigham MS Center.

In summary, we found that nasal Foralumab is safe and

induces immune effects at a dose of 50ug given for 5 consecutive

days. Nasal Foralumab is a novel form of immunotherapy

therapy for the treatment of patients with progressive

neurologic disease in which microglial activation occurs

including MS and Alzheimer’s disease.
Data availability statement

The datasets presented in this study can be found in GEO

online repository as GSE217357 and can be found at https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE217357.
Ethics statement

The studies involving human participants were reviewed and

approved by Mass General Brigham Human Subjects Research

Committee (IRB). The patients/participants provided their

written informed consent to participate in this study.
Author contributions

TC designed the study with CMB-A, led and monitored this

clinical study and wrote the manuscript; BK, JC, KH, ZheL, and

JV performed immunologic studies; BH statistical analysis; CG

bioinformatics; TS project management; SS immunologic

studies; HL bioinformatics; TGM wrote manuscript; JZ clinical

monitoring; RR and RB ENT evaluations; FG, MT, ZhaL, and

FQ antigen arrays; WC provided input regarding dose and

device selection, study design and adverse event monitoring,

KS provided input regarding drug use and adverse event

monitoring; HW designed the study and wrote the

manuscript; CMB-A designed and performed the immunologic

studies and scRNA-Seq analyses, and wrote the manuscript. All

authors contributed to the article and approved the

submitted version.
Funding

This work was supported by the Ann Romney Center for

Neurologic Diseases. The resources provided by the Center for
Frontiers in Immunology 14
Clinical Investigation at Brigham and Women’s Hospital were

supported by grant 1UL1TR002541-01.
Acknowledgments

We thank the BWH flow cytometry and sequency core

facility members Rajesh Kumar, Adam Chicoine, Kevin Wei,

and Zhu Zhu. We thank all subjects that voluntarily participated

in this study. Our special thanks to Kevin Zinchuk, ParmD and

the Investigational Drug Services pharmacy team, and the

nursing team and staff at the Clinical Center for Clinical

Investigation at the Brigham and Women’s Hospital. We

thank the physicians of the Otolaryngology Division for for

ENT monitoring. We thank the Tiziana Life Science team for

their assistance with drug administration during this study.
Conflict of interest

WC was employed by Clementi, Ltd. HLW is chair of the

scientific advisory board of Tiziana Life Sciences and received

consulting fees and stock options from the company. KS is an

employee of Tiziana Life Sciences. TC is a member of the

scientific advisory board and serves as a consultant to Tiziana

Life Sciences. CMB-A serves as a consultant to Tiziana

Life Sciences.

The remaining authors declare that the research was

conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict

of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fimmu.2022.956907/full#supplementary-material
frontiersin.org

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE217357
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE217357
https://www.frontiersin.org/articles/10.3389/fimmu.2022.956907/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.956907/full#supplementary-material
https://doi.org/10.3389/fimmu.2022.956907
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chitnis et al. 10.3389/fimmu.2022.956907
References
1. Kuhn C, Weiner HL. Therapeutic anti-CD3 monoclonal antibodies: from
bench to bedside. Immunotherapy (2016) 8(8):889–906. doi: 10.2217/imt-2016-
0049

2. Hooks MA, Wade CS, Millikan WJJr. Muromonab CD-3: a review of its
pharmacology, pharmacokinetics, and clinical use in transplantation.
Pharmacotherapy (1991) 11(1):26–37. doi: 10.1212/wnl.41.7.1047

3. Weinshenker BG, Bass B, Karlik S, Ebers GC, Rice GP. An open trial of OKT3
in patients with multiple sclerosis. Neurology (1991) 41(7):1047–52. doi: 10.1212/
WNL.41.7.1047

4. Sgro C. Side-effects of a monoclonal antibody, muromonab CD3/orthoclone
OKT3: bibliographic review. Toxicology (1995) 105(1):23–9. doi: 10.1016/0300-
483X(95)03123-W

5. Herold KC, Hagopian W, Auger JA, Poumian-Ruiz E, Taylor L, Donaldson
D, et al. Anti-CD3 monoclonal antibody in new-onset type 1 diabetes mellitus. N
Engl J Med (2002) 346(22):1692–8. doi: 10.1056/NEJMoa012864

6. Aronson R, Gottlieb PA, Christiansen JS, Donner TW, Bosi E, Bode BW, et al.
Low-dose otelixizumab anti-CD3 monoclonal antibody DEFEND-1 study: results
of the randomized phase III study in recent-onset human type 1 diabetes. Diabetes
Care (2014) 37(10):2746–54. doi: 10.2337/dc13-0327

7. Sandborn WJ, Colombel JF, Frankel M, Hommes D, Lowder JN, Mayer L,
et al. Anti-CD3 antibody visilizumab is not effective in patients with intravenous
corticosteroid-refractory ulcerative colitis. Gut (2010) 59(11):1485–92. doi:
10.1136/gut.2009.205443

8. van der Woude CJ, Stokkers P, van Bodegraven AA, Van Assche G, Hebzda
Z, Paradowski L, et al. Double-blind, randomized, placebo-controlled, dose-
escalation study of NI-0401 (a fully human anti-CD3 monoclonal antibody) in
patients with moderate to severe active crohn's disease. Inflammation Bowel Dis
(2010) 16(10):1708–16. doi: 10.1002/ibd.21252

9. Herold KC, Bundy BN, Long SA, Bluestone JA, DiMeglio LA, Dufort MJ,
et al. An anti-CD3 antibody, teplizumab, in relatives at risk for type 1 diabetes. N
Engl J Med (2019) 381(7):603–13. doi: 10.1056/NEJMoa1902226

10. Mayo L, Cunha AP, Madi A, Beynon V, Yang Z, Alvarez JI, et al. IL-10-
dependent Tr1 cells attenuate astrocyte activation and ameliorate chronic central
nervous system inflammation. Brain (2016) 139(Pt 7):1939–57. doi: 10.1093/brain/
aww113

11. Rezende RM, Weiner HL. History and mechanisms of oral tolerance. Semin
Immunol (2017) 30:3–11. doi: 10.1016/j.smim.2017.07.004

12. Ochi H, Abraham M, Ishikawa H, Frenkel D, Yang K, Basso AS, et al. Oral
CD3-specific antibody suppresses autoimmune encephalomyelitis by inducing
CD4+ CD25- LAP+ T cells. Nat Med (2006) 12(6):627–35. doi: 10.1038/nm1408

13. Ishikawa H, Ochi H, Chen ML, Frenkel D, Maron R, Weiner HL. Inhibition
of autoimmune diabetes by oral administration of anti-CD3 monoclonal antibody.
Diabetes (2007) 56(8):2103–9. doi: 10.2337/db06-1632

14. Ilan Y, Maron R, Tukpah AM, Maioli TU, Murugaiyan G, Yang K, et al.
Induction of regulatory T cells decreases adipose inflammation and alleviates
insulin resistance in ob/ob mice. Proc Natl Acad Sci U S A. (2010) 107(21):9765–70.
doi: 10.1073/pnas.0908771107

15. Wu HY, Maron R, Tukpah AM,Weiner HL. Mucosal anti-CD3 monoclonal
antibody attenuates collagen-induced arthritis that is associated with induction of
LAP+ regulatory T cells and is enhanced by administration of an emulsome-based
Th2-skewing adjuvant. J Immunol (2010) 185(6):3401–7. doi: 10.4049/
jimmunol.1000836

16. Wu HY, Quintana FJ, Weiner HL. Nasal anti-CD3 antibody ameliorates
lupus by inducing an IL-10-secreting CD4+ CD25- LAP+ regulatory T cell and is
associated with down-regulation of IL-17+ CD4+ ICOS+ CXCR5+ follicular
helper T cells. J Immunol (2008) 181(9):6038–50. doi: 10.4049/jimmunol.
181.9.6038

17. Forster K, Goethel A, Chan CW, Zanello G, Streutker C, Croitoru K. An oral
CD3-specific antibody suppresses T-cell-induced colitis and alters cytokine
responses to T-cell activation in mice. Gastroenterology (2012) 143(5):1298–307.
doi: 10.1053/j.gastro.2012.07.019

18. Sasaki N, Yamashita T, Takeda M, Shinohara M, Nakajima K, Tawa H, et al.
Oral anti-CD3 antibody treatment induces regulatory T cells and inhibits the
development of atherosclerosis in mice. Circulation (2009) 120(20):1996–2005. doi:
10.1161/CIRCULATIONAHA.109.863431

19. Ilan Y, Zigmond E, Lalazar G, Dembinsky A, Ben Ya'acov A, Hemed N, et al.
Oral administration of OKT3 monoclonal antibody to human subjects induces a
dose-dependent immunologic effect in T cells and dendritic cells. J Clin Immunol
(2010) 30(1):167–77. doi: 10.1007/s10875-009-9323-7

20. Lalazar G, Mizrahi M, Turgeman I, Adar T, Ben Ya'acov A, Shabat Y, et al.
Oral administration of OKT3 MAb to patients with NASH, promotes regulatory T-
Frontiers in Immunology 15
cell induction, and alleviates insulin resistance: Results of a phase IIa blinded
placebo-controlled trial. J Clin Immunol (2015) 35(4):399–407. doi: 10.1007/
s10875-015-0160-6

21. Halota W, Ferenci P, Kozielewicz D, Dybowska D, Lisovoder N, Samira S,
et al. Oral anti-CD3 immunotherapy for HCV-nonresponders is safe, promotes
regulatory T cells and decreases viral load and liver enzyme levels: results of a
phase-2a placebo-controlled trial. J Viral Hepat (2015) 22(8):651–7. doi: 10.1111/
jvh.12369

22. Boden EK, Canavan JB, Moran CJ, McCann K, DunnWA, Farraye FA, et al.
Immunologic alterations associated with oral delivery of anti-CD3 (OKT3)
monoclonal antibodies in patients with moderate-to-Severe ulcerative colitis.
Crohns Colitis 360 (2019) 1(2):otz009. doi: 10.1093/crocol/otz009

23. Dean Y, Depis F, Kosco-Vilbois M. Combination therapies in the context of
anti-CD3 antibodies for the treatment of autoimmune diseases. Swiss Med Wkly
(2012) 142:w13711. doi: 10.4414/smw.2012.13711

24. Alegre ML, Tso JY, Sattar HA, Smith J, Desalle F, Cole M, et al. An anti-murine
CD3 monoclonal antibody with a low affinity for fc gamma receptors suppresses
transplantation responses while minimizing acute toxicity and immunogenicity. J
Immunol (1995) 155(3):1544–55. doi: 10.3389/fimmu.2022.877022

25. Smith JA, Tso JY, Clark MR, Cole MS, Bluestone JA. Nonmitogenic anti-
CD3 monoclonal antibodies deliver a partial T cell receptor signal and induce
clonal anergy. J Exp Med (1997) 185(8):1413–22. doi: 10.1084/jem.185.8.1413

26. Clement M, Ladell K, Ekeruche-Makinde J, Miles JJ, Edwards ES, Dolton G,
et al. Anti-CD8 antibodies can trigger CD8+ T cell effector function in the absence
of TCR engagement and improve peptide-MHCI tetramer staining. J Immunol
(2011) 187(2):654–63. doi: 10.4049/jimmunol.1003941

27. Clement M, Pearson JA, Gras S, van den Berg HA, Lissina A, Llewellyn-
Lacey S, et al. Targeted suppression of autoreactive CD8(+) T-cell activation using
blocking anti-CD8 antibodies. Sci Rep (2016) 6:35332. doi: 10.1038/srep35332

28. Bisikirska B, Colgan J, Luban J, Bluestone JA, Herold KC. TCR stimulation
with modified anti-CD3 mAb expands CD8+ T cell population and induces CD8
+CD25+ tregs. J Clin Invest (2005) 115(10):2904–13. doi: 10.1172/JCI23961

29. Mishra S, Srinivasan S, Ma C, Zhang N. CD8(+) regulatory T cell - a mystery
to be revealed. Front Immunol (2021) 12:708874. doi: 10.3389/fimmu.2021.708874

30. Capelle CM, Cire S, Ammerlaan W, Konstantinou M, Balling R, Betsou F,
et al. Standard peripheral blood mononuclear cell cryopreservation selectively
decreases detection of nine clinically relevant T cell markers. Immunohorizons
(2021) 5(8):711–20. doi: 10.4049/immunohorizons.2100049

31. Sakaguchi S. Taking regulatory T cells into medicine. J Exp Med (2021) 218
(6):e20210831. doi: 10.1084/jem.20210831

32. Long SA, Thorpe J, DeBerg HA, Gersuk V, Eddy J, Harris KM, et al. Partial
exhaustion of CD8 T cells and clinical response to teplizumab in new-onset type 1
diabetes. Sci Immunol (2016) 1(5):eaai7793. doi: 10.1126/sciimmunol.aai7793

33. Li J, Zaslavsky M, Su Y, Guo J, Sikora MJ, van Unen V, et al. KIR(+)CD8(+)
T cells suppress pathogenic T cells and are active in autoimmune diseases and
COVID-19. Science (2022) 376(6590):eabi9591. doi: 10.1126/science.abi9591

34. Matsuoka T, Tabata H, Matsushita S. Monocytes are differentially activated
through HLA-DR, -DQ, and -DP molecules via mitogen-activated protein kinases.
J Immunol (2001) 166(4):2202–8. doi: 10.4049/jimmunol.166.4.2202

35. Robinson WH, DiGennaro C, Hueber W, Haab BB, Kamachi M, Dean EJ,
et al. Autoantigen microarrays for multiplex characterization of autoantibody
responses. Nat Med (2002) 8(3):295–301. doi: 10.1038/nm0302-295

36. Quintana FJ, Farez MF, Viglietta V, Iglesias AH, Merbl Y, Izquierdo G, et al.
Antigen microarrays identify unique serum autoantibody signatures in clinical and
pathologic subtypes of multiple sclerosis. Proc Natl Acad Sci U S A. (2008) 105
(48):18889–94. doi: 10.1073/pnas.0806310105

37. Bakshi R, Yeste A, Patel B, Tauhid S, Tummala S, Rahbari R, et al. Serum lipid
antibodies are associated with cerebral tissue damage in multiple sclerosis. Neurol
Neuroimmunol Neuroinflamm (2016) 3(2):e200. doi: 10.1212/NXI.0000000000000200

38. Vieyra-Lobato MR, Vela-Ojeda J, Montiel-Cervantes L, López-Santiago R,
Moreno-Lafont MC. Description of CD8+ regulatory T lymphocytes and their
specific intervention in graft-versus-host and infectious diseases, autoimmunity,
and cancer. J Immunol Res. (2018) 2018:9758713. doi: 10.1155/2018/3758713

39. Moreira TG, Matos KTF, De Paula GS, Santana TMM, Da Mata RG,
Pansera FC, et al. Nasal administration of anti-CD3 monoclonal antibody
(Foralumab) reduces lung inflammation and blood inflammatory biomarkers in
mild to moderate COVID-19 patients: A pilot study. Front Immunol (2021)
12:709861. doi: 10.3389/fimmu.2021.709861

40. Chitnis T ST, Zurawski J, Saraceno T, Sullivan J, Saxena S, Baecher-Allan C,
et al. Nasal anti-CD3 monoclonal antibody (Foralumab) reduces PET microglial
activation and blood inflammatory biomarkers in a patient with non-active
frontiersin.org

https://doi.org/10.2217/imt-2016-0049
https://doi.org/10.2217/imt-2016-0049
https://doi.org/10.1212/wnl.41.7.1047
https://doi.org/10.1212/WNL.41.7.1047
https://doi.org/10.1212/WNL.41.7.1047
https://doi.org/10.1016/0300-483X(95)03123-W
https://doi.org/10.1016/0300-483X(95)03123-W
https://doi.org/10.1056/NEJMoa012864
https://doi.org/10.2337/dc13-0327
https://doi.org/10.1136/gut.2009.205443
https://doi.org/10.1002/ibd.21252
https://doi.org/10.1056/NEJMoa1902226
https://doi.org/10.1093/brain/aww113
https://doi.org/10.1093/brain/aww113
https://doi.org/10.1016/j.smim.2017.07.004
https://doi.org/10.1038/nm1408
https://doi.org/10.2337/db06-1632
https://doi.org/10.1073/pnas.0908771107
https://doi.org/10.4049/jimmunol.1000836
https://doi.org/10.4049/jimmunol.1000836
https://doi.org/10.4049/jimmunol.181.9.6038
https://doi.org/10.4049/jimmunol.181.9.6038
https://doi.org/10.1053/j.gastro.2012.07.019
https://doi.org/10.1161/CIRCULATIONAHA.109.863431
https://doi.org/10.1007/s10875-009-9323-7
https://doi.org/10.1007/s10875-015-0160-6
https://doi.org/10.1007/s10875-015-0160-6
https://doi.org/10.1111/jvh.12369
https://doi.org/10.1111/jvh.12369
https://doi.org/10.1093/crocol/otz009
https://doi.org/10.4414/smw.2012.13711
https://doi.org/10.3389/fimmu.2022.877022
https://doi.org/10.1084/jem.185.8.1413
https://doi.org/10.4049/jimmunol.1003941
https://doi.org/10.1038/srep35332
https://doi.org/10.1172/JCI23961
https://doi.org/10.3389/fimmu.2021.708874
https://doi.org/10.4049/immunohorizons.2100049
https://doi.org/10.1084/jem.20210831
https://doi.org/10.1126/sciimmunol.aai7793
https://doi.org/10.1126/science.abi9591
https://doi.org/10.4049/jimmunol.166.4.2202
https://doi.org/10.1038/nm0302-295
https://doi.org/10.1073/pnas.0806310105
https://doi.org/10.1212/NXI.0000000000000200
https://doi.org/10.1155/2018/3758713
https://doi.org/10.3389/fimmu.2021.709861
https://doi.org/10.3389/fimmu.2022.956907
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chitnis et al. 10.3389/fimmu.2022.956907
secondary progressive MS. In: Consortium of multiple sclerosis centers meeting
abstract. Boston (2022).

COPYRIGHT

© 2022 Chitnis, Kaskow, Case, Hanus, Li, Varghese, Healy, Gauthier,
Saraceno, Saxena, Lokhande, Moreira, Zurawski, Roditi, Bergmark,
Giovannoni, Torti, Li, Quintana, Clementi, Shailubhai, Weiner and Baecher-
Frontiers in Immunology 16
Allan. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.
frontiersin.org

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fimmu.2022.956907
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Nasal administration of anti-CD3 monoclonal antibody modulates effector CD8+ T cell function and induces a regulatory response in T cells in human subjects
	Introduction
	Methods
	Subjects and study design
	Study drug
	Clinical and laboratory evaluation
	Analysis of In vitro T cell stimulation by Foralumab using healthy donor PBMCs
	Blood sample processing
	Analysis of trial participant longitudinal PBMCs by flow cytometry
	Statistical analysis of the flow cytometric data
	Single cell RNAseq
	Antigen arrays
	Statistical analysis of antigen array data

	Results
	Demographics and study outline
	Safety
	Unique In vitro T cell activation by Foralumab
	Nasal Foralumab does not modulate CD3 from the T cell surface
	Immune effects of nasal Foralumab occur at the 50ug dose
	ScRNAseq analysis in subjects receiving the 50ug dose
	Antigen microarrays

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


