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Current vaccine development disregards human immune ontogeny, relying on animal

models to select vaccine candidates targeting human infants, who are at greatest risk

of infection worldwide, and receive the largest number of vaccines. To help accelerate

and de-risk development of early-life effective immunization, we engineered a human

age-specific microphysiologic vascular-interstitial interphase, suitable for pre-clinical

modeling of distinct age-targeted immunity in vitro. Our Tissue Constructs (TCs) enable

autonomous extravasation of monocytes that undergo rapid self-directed differentiation

into migratory Dendritic Cells (DCs) in response to adjuvants and licensed vaccines such

as Bacille Calmette-Guérin (BCG) or Hepatitis B virus Vaccine (HBV). TCs contain a

confluent human endothelium grown atop a tri-dimensional human extracellular matrix

substrate, employ human age-specific monocytes and autologous non heat-treated

plasma, and avoid the use of xenogenic materials and exogenous cytokines.

Vaccine-pulsed TCs autonomously generated DCs that induced single-antigen recall

responses from autologous naïve and memory CD4+ T lymphocytes, matching study

participant immune-status, including BCG responses paralleling donor PPD status,

BCG-induced adenosine deaminase (ADA) activity paralleling infant cohorts in vivo, and

multi-dose HBV antigen-specific responses as demonstrated by lymphoproliferation and

TCR sequencing. Overall, our microphysiologic culture method reproduced age- and

antigen-specific recall responses to BCG and HBV immunization, closely resembling

those observed after a birth immunization of human cohorts in vivo, offering for the

first time a new approach to early pre-clinical selection of effective age-targeted vaccine

candidates.
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INTRODUCTION

Infections are most frequent at the extremes of life, especially
among newborns, reflecting age-specific differences in immunity
(1). Other than provision of clean drinking water, immunization
is the most effective means of preventing infections; however,
due to distinct early life immunity, many vaccines are also not
optimally immunogenic, requiring multiple booster doses to
achieve protection. Indeed, despite current vaccination efforts,
>2 million neonates (<4 weeks of age) and young infants (<6
months of age) die of preventable infections yearly worldwide.
Currently, only Hepatitis B Vaccine (HBV), Oral Poliovirus
Vaccine (OPV), and the tuberculosis vaccine Bacille Calmette-
Guérin (BCG) have been licensed for neonatal use worldwide (2).
Contrasting with the urgency of effective early-life immunization,
vaccine development is painfully slow and costly, averaging
15 years to approval (3). Furthermore, early-stages of vaccine
development do not typically consider human immune ontogeny
and rely heavily on genetically- and immunologically- divergent
animal models (4, 5) to select vaccine candidates targeting human
infants; a pre-clinical process anticipated to affect end-point
effectiveness and therefore, its successful transition to market.
Thus, new pre-clinical human immune models informing age-
targeted vaccine effectiveness in vitro could help accelerate,
enhance and de-risk vaccine development, including effective
single-dose neonatal vaccines, increasing coverage, reducing
infant vulnerability, and yielding major public health benefits (2).

In vivo, effectiveness of artificial immunization relies
on the necessary detection and tolerance to self-antigens.
In vitro immune models using exclusively human materials
are desirable to enhance the likelihood of achieving single-
antigen specific responses to xenogenic antigens provided by
vaccines. Efficient protective immunity induced by vaccines
requires a microenvironment where a timely interplay of cellular
and molecular events enable the capture and processing of
rare exogenous antigens by antigen-presenting cells and their
subsequent presentation to rare matching naïve lymphocytes
at neighboring lymphoid tissues (6). Dendritic Cells (DCs) are
the most effective antigen-presenting cells for initiation of T
cell immunity (7) and T cells help is considered essential to
achieve effective antibody responses (5) to antigenic proteins
present in most vaccines. Currently, the use of DCs in human
in vitro immune models largely rely on cumbersome extractions
from tissues or blood, artificial differentiation of monocytes
or circulating stem cell precursors using exogenous cytokines
(e.g., Granulocyte-Macrophage Colony-Stimulating Factor
(GM-CSF) and Interleukin (IL)-4), or the use of immortal
DC-like cell lines (8). In vivo, most resident lymph-homing DCs
develop from blood circulating precursors (e.g., monocytes)
after extravasating inside the tissues (9). This autonomous DC
differentiation process was first observed in vitro by a model of
constitutive transendothelial translocation of human monocytes
(10) and later confirmed in vivo (11); here, DCs traversed the
endothelium in an abluminal-to-luminal direction (reverse
transendothelial migration) resembling the constitutive tissular
egress of dermal DCs en route to the draining lymphatics in
vivo (12, 13). Tissue niches left behind by migratory DCs in

vivo are continuously replenished by monocytes extravasating
from the general circulation through capillaries (14), small
veins consisting of a single-cell endothelium and a basement
membrane or interstitium (15). Thus, the endothelium of
capillary veins is key to the natural development and relative
abundance of tissue-resident monocytes, macrophages (MØ)
and DCs, which first encounter pathogens and vaccines in vivo.

In light of the physiologic events described above, we
took a tissue engineering approach to emulate this natural
microanatomy, physiology, and antigenic footprint of a human
capillary vein. Naturally consisting of a single-cell endothelial
layer and an interstitium, therefore deprived of the cell
complexity, migrations, and interactions pertaining to more
complex tissues in vivo, our tri-dimensional human age-specific
vascular-interstitial interphase model recreated the autonomous
differentiation and migration behavior of DCs, making it suitable
for in vitro vaccination studies. While similar prior tissue models
have demonstrated autonomous generation of human DCs from
extravasating monocytes without the use of cytokines (10, 16–
19), these models lacked two key features that may be important
for accurate age-specific modeling of human vaccine responses:
(1) having an entirely human-derived composition of cells,
matrix and fluid phase, desirable as the presence of non-human
proteins (e.g., xenogenic bovine matrix, endotoxin) in a human
in vitro immune testing model may interfere with desired uptake
and processing of scarce vaccinal antigens needed to study rare
autologous single-antigen specific naïve T cell responses; and
(2) including age-specific primary leukocytes and autologous
plasma to enable ontogenic assessment of vaccine responses, a
key parameter of immunity. A significant novelty of our model
is its focus on being as physiologic as possible (e.g., minimal
cell manipulation, non-heat-treatment of plasma, no exogenous
factors) to maximize the likelihood that in vitro results will
mirror those in vivo thereby enhancing translation. Herein we
report the development of age-specific human tissue constructs
that enabled natural capture of vaccinal antigens by DCs, and
accurate autologous single-antigen specific newborn immune
responses to HBV and BCG vaccines, with comparable antigen-
specific immunogenicity in vitro as observed in vivo. This
microphysiologic human culture platform offers a new approach
to early pre-clinical selection of effective vaccine candidates that
could help accelerate, de-risk, and enhance age-specific vaccine
development.

MATERIALS AND METHODS

Reagents
Adjuvants: Adjuvants studied included Aluminum Hydroxide
(AlOH; at 5 and 50µg/mL), Aluminum Phosphate (AlPO, at 2.5
and 25µg/mL) from Statens Serum Institut (SSI Copenhagen,
Denmark). Toll-Like Receptor (TLR) agonists (TLRAs) including
TLR2/1A Pam3CSK4 (Pam3, at 1 and 10µg/mL), TLR4A 3-O-
desacyl-4′-monophosphoryl lipid A (MPL, at 1 and 10 ng/mL)
and the TLR7/8A imidazoquinoline Resiquimod (R848, at 5
and 50µM), all purchased from InvivoGen (San Diego, CA).

Vaccines: Recombinant Recombivax HB©R (HBV, at 1:100, 1:10
and 1:2v/v dilutions) and PNEUMOVAX©R 23 (PVP, at 1:100

Frontiers in Immunology | www.frontiersin.org 2 November 2018 | Volume 9 | Article 2634

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sanchez-Schmitz et al. Tissue Constructs Model Age-Specific Immunity

and 1:10v/v dilutions) were purchased from Merck (Whitehouse

Station, NJ). PREVNAR-13©R (Pneumococcal Conjugate Vaccine
or PCV, at 1:100, 1:10, and 1:2v/v dilutions) was purchased from
Wyeth Pharmaceuticals Inc. (Pfizer subsidiary; Philadelphia,
PA). Pentavalent vaccines given to infants enrolled into the
randomized trial in Bissau, Guinea-Bissau (20) were EasyfiveTM

(Panacea Biotec, India), Quinvaxem©R (Berna Biotech Korea
Corp), or Pentavac©R (Serum Institute of India Pvt. Ltd).
BCG Danish strain 1331 (1:100, 1:20 and 1:10v/v dilutions)
was purchased from SSI (Copenhagen, Denmark). Peptides:
Ag-specific challenges were performed using pools of 50%
overlapping endotoxin-free peptides based on antigens present
in licensed vaccines tested in vitro (Supplementary Table 1).
Peptide’s manufacture was chemical synthesis (Synprosis SA,
Fuveau, France). For BCG studies, 28 peptides, ∼20-monomers
long, encompassing the entire sequence of mycobacterium
antigen Ag85A (21), were ordered. For HBV studies, 15 peptides,
10–18 monomers long, encompassing the entire sequence
of Hepatitis B virus antigen HBsAg (22), were synthesized.
Same number of background control peptides was made using
scrambled sequences unrelated to mycobacteria or Hepatitis
viruses based on the Basic Local Alignment Search Tool

(BLAST©R ) from the US National Library of Medicine of The
National Institutes of Health. Each peptide was individually
solubilized at high concentration in DMSO and stored at
−20◦C, per the manufacturer’s recommendations. Before
testing, individual peptides were combined to prepare peptide
pools stock solutions in plasma-free RPMI media. To remove
any potential microparticles, each peptide stock was filtered
using a low protein binding, non-pyrogenic, sterile 0.2mm

Supor©R membrane filter (PALL Life Sciences Corporation;
Port Washington, NY). Peptide stocks concentrations were
assessed by the Bicinchoninic Acid protein assay kit (Thermo
Scientific Pierce; Rockford, IL). Other reagents: Defined Fetal
Bovine Serum (FBS) was purchased from Hyclone (Logan, UT).
Culture media M199 and RPMI-1640, 1X Hank’s Balanced Salt
Solution (HBSS), 1X Dulbecco’s Phosphate Buffered Solution
without calcium or magnesium (DPBS), 0.25% Trypsin-EDTA
(100X solution), ultrapure 0.5M EDTA, 16% paraformaldehyde
(PFA) solution and 100X Penicillin/Streptomycin/ Glutamine

(PSG) solution were purchased from Gibco©R (Thermo Fisher
Scientific Inc.). Pyrogen-free heparin was purchased from

Sagent Pharmaceuticals©R (Schaumburg, IL). Collagenase
enzyme with no tryptic activity was from Roche Diagnostics.
Sodium hydroxide (NaOH 10M), dimethyl sulphoxide (100%

ACS DMSO, Hybri-Max©R ), Trypan Blue stain (0.2%),
Haematoxylin-Eosin (H&E), and Glucose-6-Phosphate (G-
6-P) were from Sigma-Aldrich (St. Louis, MO). Ficoll-Paque
PREMIUMTM was from GE Healthcare Life Sciences (Pittsburgh,
PA).

Human Materials
Newborn and adult blood: Adult blood (50–300mL) from
healthy study participants (26–45 years old) was collected
via peripheral venipuncture after written informed consent in
accordance with the Declaration of Helsinki and as approved

by the Institutional Review Board (IRB) of Boston Children’s
Hospital (BCH) (protocol number X07-05-0223). HBV and
BCG vaccination history, the most recent mycobacteria Purified
Protein Derivative (PPD) Delayed-type hypersensitivity (DTH)
status and anti-HBsAg-Ab titers, were obtained for most
adult donations. Anti-HBsAg-Ab titers from newborn and
adult plasmas were measured at the BCH Clinical Core
Laboratory using the Abbott Architect i1000 Immunoassay
Analyzer instrument (Abbott Diagnostics, Chicago IL) and their

assay kit (#34-5498/R4). While Recombivax HB©R manufacturer
establishes a correlate of protection of ≥10 mIU/mL (23),
the BCH recommendation of ≥12.0 mIU/mL was followed.
Newborn blood (50–100mL) was collected by venipuncture of
umbilical cords (mean gestational age 38.9 weeks), immediately
after elective Cesarean-section delivery (epidural anesthesia)
of de-identified mothers with no record of fever, HIV
or other acute or chronic infections, following protocols
approved by the local IRBs of The Brigham and Women’s
Hospital (Protocol #2000P000117/BWH) and the Beth Israel
Deaconess Medical Center (Protocol #2011P-000118/BIDMC).
Blood samples were drawn into syringes containing pyrogen-
free heparin (final concentration 20 units/mL) and processed
within 2 h of collection to separate plasma and mononuclear
cells. Heparinized plasma samples from an infant cohort

receiving early vs. delayed BCG: Plasma was obtained
from infants enrolled in a randomized trial in Bissau,
Guinea-Bissau (West Africa; clinicaltrials.gov: NCT00625482)
comparing immunological effects on infants receiving BCG
within the first week of life (early BCG) vs. delayed-BCG
vaccination (Ø) (20). Eligible newborns weighed <2.50 kg, had
no major malformations, had parents who provided informed
consent, and were ready to leave the maternity ward. BCG
vaccine (SSI, Statens Serum Institut, Copenhagen, Denmark) was
normally provided at birth (50 µL, intradermal) for neonates
weighing >2.50 kg, otherwise it was postponed until infants
gained weight, typically at the time of their subsequent scheduled
routine vaccination at 6 weeks of age. Frozen plasmas were
shipped from Bissau by air courier under temperature control
and were used to assess Adenosine Deaminase (ADA)-1 and
ADA2 activities in relation to BCG immunization. Samples
from infants who were randomized at >7 days of life to
early vs. delayed BCG, as well as samples in the delayed
BCG group who had received BCG before donating blood,
were excluded of ADA study. All infants received oral polio
vaccine (OPV) at birth; none had pentavalent DTPw-HepB-
Hib vaccine before 4 weeks of age (recommended at 6,
10, and 14 weeks); most samples studied for ADA activity
were from study participants with 1 dose of pentavalent
vaccine before the 10-week-old blood donation. Isolation and

cryopreservation of autologous plasma and mononuclear

cells: Blood was centrifuged at 1,200 revolutions per minute
(rpm) for 10min at 24◦C to separate plasma and hemocytes.
Plasma was centrifuged again at 3,000 rpm for 30min to
generate platelet-poor plasma and then frozen at −20◦C until
further analysis. Plasma used on studies was never heat-
treated. Hemocytes were resuspended in 1x DPBS with 2%v/v
heparin to regain the original blood volume. Mononuclear Cells
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(MCs) were isolated by Ficoll©R density gradient centrifugation
according to manufacturer’s specifications. Newborn cord blood
MCs and adult peripheral blood MCs were counted (Trypan
Blue exclusion) and cryopreserved at a cell density of 100
million/mL using 1mL of plasma-free cryopreservation media
consisting of 1x DPBS containing 10% DMSO, 44 mg/mL HSA
and 2mM EDTA. MCs were placed inside a pre-cooled (4◦C)

Mr.FrostyTM freezing container (Nalgene ©R , Sigma-Aldrich;
St. Louis, MO) according to manufacturer’s instructions and
rapidly moved to an −80◦C freezer. After over-night storage,
cell amps were transferred to a liquid nitrogen tank for long-
term storage. Extracellular matrix proteins, albumin and

endothelial cells: Human type I collagen solution (VitroCol©R ,
3 mg/mL) was purchased from Advanced BiomatrixTM (San
Diego, CA). Human Fibronectin was purchased from Biomedical
Technologies Inc. (Stoughton, MA). Clinical grade Human
Serum Albumin (HSA) was purchased from Octapharma
(Lachen, Switzerland). A single-donor HUVEC lot, evaluated
for appropriate growth characteristics, was selected for purchase
from LonzaTM (Walkersville, MDUSA) and used across all of our
experiments.

Endotoxin Testing
All human materials and reagents were confirmed to be
endotoxin-free (≤0.2 Endotoxin Units/mL at working
concentration) with a Kinetic Turbidimetric (KTA) LAL
test using the KTA2 reagent and following manufacturer’s
instructions (Charles River Laboratories International,
Inc.; Wilmington, MA). Additionally, some reagents were
tested further to ascertain they were biologically inert
using a standardized whole blood TNF-α release assay at
working concentrations as we have previously described
(24).

Generation of Tissue Constructs
Building from prior tissue engineering efforts (10), our
tridimensional TC model consists of a confluent quiescent
monolayer of single-donor human umbilical vein endothelial
cells (HUVECs) grown over a basement membrane made
of human extracellular matrix proteins using human plasma
(Figure 1 I–III). This in vitro tissue arrangement closely mirrors
both the components and architecture of capillary veins in vivo
(15). Timing: The process of creating TCs spanned 10 days
before the start of a TC assay (e.g., D-12 to D-2), at which
point newborn or adult monocytes were allowed to colonize
TCs and adjuvant or vaccine stimulations were begun (D-2).
Details are described below along this timeline: D-12: Single-
donor HUVECs were cultured at 5% CO2/37

◦C in M199 media
containing 50% FBS and 1% PSG. HUVECs started culture in
75 cm vented cap tissue culture flasks (Corning Life Sciences;
Tewksbury, MA) pre-coated with a 0.5 mg/mL solution of
human fibronectin. Excess fibronectin was removed before the
addition of the HUVECs. D-9: Endotoxin-free human type I
collagen cushions were cast in 96-well microtiter plates (Costar
round bottom, Thermo Fisher Scientific Inc.), as described earlier
(16). Human type I collagen cushion solution was prepared by
mixing 10x M199 media, 0.1N NaOH and the human collagen (3

mg/mL) at a proportion 1:5:8, respectively. Seventy microliters
of this solution was applied to each of the inner 60 wells

of a 96 well flat bottom Falcon©R microtiter plate (Becton
Dickinson; Bedford, MA) using a repeating dispenser, and the
plate incubated at 5% CO2/37

◦C for 24 h. After congealing,
cushions were aged by applying a neutralized (with 10N NaOH;

pH between 6.5 and 7) and filtered (Acrodisc©R unit, at a rate
defined by the manufacturer) solution of G-6-P (225mM in
HBSS). Collagen cushions received 50 µL of G-6-P solution
using a repeating dispenser and then incubated at 5% CO2/37

◦C
for an additional five days. Meanwhile, using Trypsin-EDTA
and the same M199 media containing 50% FBS and 1% PSG,
the 85–90% confluent HUVEC cultures (as assessed with an
inverted microscope) were passed to larger (150 cm) vented
cap tissue culture flasks pre-coated with human fibronectin (0.5
mg/mL) and incubated at 5% CO2/37

◦C. D-4: Four days before
the assay, G-6-P solution was removed out of every cushion
by aspiration, 200 µL of HBSS were added to each well of
the 96-well plate (including the 36 empty wells around the
60 inner wells with cushions, as an evaporation barrier) prior
to returning the plate to the 5% CO2/37

◦C incubator. D-3:
HUVEC cultures were enzymatically harvested with Trypsin-
EDTA, washed twice with 1x DPBS to remove any potential
trace of residual FBS and resuspended in fresh M199 media
containing 1% PSG and 30% human newborn pooled plasma
(previously prepared using small volume leftover plasmas from
several study participants). Cells from one confluent T150 flask
were resuspended in ∼13mL of media to be dispensed as 100
µL per well (120 wells). Ten minutes before seeding endothelial
cells, collagen cushions were prepared by aspirating out the
HBSS and adding 20 µL of 0.5 mg/mL human fibronectin.
Typically, one T150 flask of confluent HUVECs contained
sufficient cells to coat two cushion plates (180 wells).Assessment

of TCS at D-2 before starting an assay: Monolayer integrity,
confluence, and cobblestone morphology of endothelial cells
was assessed by inverted microscopy using phase contrast at
4x magnification (Nikon TS100 inverted microscope, Nikon
Instruments Inc.; Melville, NY). Only 100%-confluent TCs were
used for testing.

Generation of Age-Specific Human Tissue
Constructs
Age-specificity of TCs was achieved by allowing monocytes
from either a newborn or an adult participant to autonomously
extravasate inside the TCs and removing non-migrated
monocytes after 1.5 h of incubation. Every assay compared
responses between one newborn and one adult. Monocytes were
positively selected from freshly thawed MCs using magnetic

micro-beads covalently linked to anti-CD33 mAbs (MACS©R

positive selection, Miltenyi; Cambridge, MA). CD33 rather
than CD14 was chosen in order to: (a) avoid interference with
important antigen-capture molecules (25); (b), avoid induction
of non-physiological activation (26); and (c), provide more
natural monocyte heterogeneity (27). ∼105 monocytes were
applied to each TC well and allowed to autonomously extravasate
under static conditions for 1.5 h in serum-free M199 media
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FIGURE 1 | The Tissue Construct (TC) model. Single donor human endothelial cells (I, representative image, 20X) were grown onto cast cushions of human collagen

(II) and cultured with human plasma media until reaching quiescent confluency (III, representative image, 4X). Age-specific TCs were created by allowing CD33+

selected newborn or adult monocytes (IV, representative dot plots) to colonize the quiescent confluent TCs. After removal of non-extravasated monocytes (V),

age-specific TCs were cultured for 48 h in autologous non-heated plasma +/− adjuvants or vaccines to allow for autonomous dendritic cell (DC) development,

maturation and reverse transendothelial migration (V-VII). Age-specific DCs, autonomously developed from TCs stimulated with pediatric vaccines, were co-cultured

with autologous untouched naïve CD4+ CD45RA+ T cells (VIII, representative dot plot) and autologous non-heated plasma for seven to 31 days (IX, D7 … D31), as

described in methods. Mature (red) and immature (blue) DCs from TCs as defined by the co-expressions levels of HLA-DR and CD86 markers (representative dot

plots of initially extravasated monocytes extracted from TCs at 0 h and autologous DCs harvested 48 h later after stimulation). Representative images of co-cultures at

Day 0 (D0) and D7 (10X, scale bars = 200µm). Blue arrow indicates monocytes inside TCs (H&E staining, representative image, 20X). Black arrow indicates DCs

accumulated on top of endothelium (phase contrast, representative image, 20X). Scale bars = ∼200µm. I, Isotype controls.

containing 1% PSG and 0.1% HSA at 37◦C/5%CO2. After this,
non-migrated monocytes were removed by gentle aspiration
and several consecutive washes with warm 1x DPBS and
monocyte-colonized TCs were ready for testing (Figure 1 IV–V).
Of note, non-extravasated monocytes do not become DCs after
being on the endothelium for 1.5 h, and monocytes that do not
reverse transmigrate after 48 h of culture, remain inside TCs
as macrophages independently of stimulation (10). To assess
monocyte extravasation, TCs were fixed with fresh 10% PFA,
stained with H&E and examined with an inverted microscope.

Assessment of Autonomous DC
Development From Age-Specific Tissue
Constructs
To enable autonomous generation of age-specific DCs,
monocyte-colonized newborn TCs (NTCs) and adult TCs

(ATCs) were cultured for 48 h with innate immune stimuli in
autologous plasma (Figure 1 VI), a natural source of age-specific
immunomodulatory factors (2, 28). After this time, about half
of the initially extravasated monocytes become either immature
or mature DCs, depending on the type and degree of adjuvant
or vaccine stimulation added at step VI, transmigrating back
out of the extracellular matrix and across the endothelial layer,
in a step that mirrors movement of tissue antigen-presenting
cells from tissue sites to the lymphatic system (12, 13). As
previously described (10), the only location where TC culture
conditions demonstrate high percentage of mature DCs is
amongst stimulated reverse transmigrated cells (VII). When TCs
are left unstimulated (e.g., vehicle control), reverse transmigrated
cells accumulate on the luminal side of the endothelial monolayer
at same degree than stimulated TCs but demonstrating very low
relative DC maturation. Thus, as with capillary veins in vivo, the
endothelium of our model is key to the natural development and
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relative abundance of tissue-resident macrophages andmigratory
DCs. For practical purposes, since reverse transmigrated cells
are a mix of immature and mature DCs, all harvested reverse
transmigrated cells will be referred generally as DCs (e.g.,
DC:T cell co-cultures). Timing: The process of stimulating
TCs spanned 2 days. Details are described below along this
timeline: D-2: age-specific (monocyte-colonized) TCs were
cultured for 48 h at 37◦C/5% CO2 in the presence of 100 µL of
autologous non-heated plasma, with no additional exogenous
cytokines, with or without adjuvants, licensed vaccines or
desired controls. Some experiments included conditions in
which autologous plasma from the newborn and the adult were
swapped to assess the relevance of using autologous plasma, as
compared to homologous (adult-newborn swap) or xenogenic
(Fetal Bovine Serum). Unstimulated control (Ø) TCs received a
volume of sterile aqueous carrier solution equal to corresponding
stimulator tested or, when several doses tested, corresponding
to the highest concentration tested for that stimulator. In this
model, during the 48 h stimulation, monocytes autonomously
differentiate into migratory DCs that reverse transmigrate out
of TCs, crossing the endothelium in abluminal-to-luminal
direction (Reverse Transendothelial migration) to accumulate
on the luminal side of the endothelium. D0: typically, DCs from
5 to 20 TC replicas/condition were collected by gentle pipetting
in warm 1x DPBS and counted with vital staining Trypan
Blue following manufacturer’s recommendations. Phenotypic

analysis of DCs by flow cytometry: Autonomous development
and maturation of DCs from unstimulated and stimulated
age-specific TCs (Figure 1 VII and Supplementary Videos 1–3)
was investigated using polychromatic flow cytometry. This
technique was also used to assess purity of cell selections.
Immunophenotyping used direct-conjugated monoclonal
antibodies (mAbs) against CD33-PE, CD14-APC, CD86-PE,
HLA-DR-FITC, and CD197-BV421 (Becton Dickinson; Franklin
Lakes, New Jersey). Cells were stained for 30min with mAbs
as recommended by manufacturer, rinsed with DPBS and fixed
with freshly made 4% PFA solution. Corresponding direct
conjugated isotype mAbs and unstained controls were used to
determine non-specific binding. Flow cytometry employed a BD
LSR-FortessaTM (Becton Dickinson) and data analyzed using

FlowJo©R software (Tree Star, Inc.; Ashland, OR) using a single
viable gate. To compare the phenotype of cells inside TCs at D-2
with corresponding cells at D0 for a given study participant, cells
were retrieved from inside TCs using tryptic-free collagenase
digestion, according to manufacturer’s recommendations.
Video-microscopy of cells inside TCs: A trans-perpendicular
video of the Tissue Construct after 48 h of culture was generated
using series of pictures taken approximately every 20µm
from the top of TCs, moving down (Supplementary Video 1).
For this, TCs were fixed with fresh 10% PFA after removal
of reverse transmigrated DCs from the luminal side of the
endothelium, stained with H&E and then examined with an
inverted microscope. A time-lapse video of live monocytes at

∼50µm inside an un-fixed Tissue Construct after 18 h of culture,

was generated with pictures taken with the microscope every

30 s for a time span of about 15min and compressed in ∼8 s

(Supplementary Video 2). A time-lapse video of live Dendritic
Cells projecting dendrites (sampling) at ∼50µm inside an
un-fixed Tissue Construct after 24 h of culture, was made with
pictures taken every ∼15 s for a time span of about 10min and
compressed in∼15 s (Supplementary Video 3).Analysis of DCs

using confocal microscopy: Confocal microscopy was employed
to assess changes in morphology and surface translocation
of HLA-DR on DCs stimulated with HBV (1:2v/v) or BCG
(1:20v/v). DCs were harvested and transferred to a 24-well
flat-bottom tissue-culture plate (Falcon, Becton Dickinson) with
BD BioCoatTM round Poly-L-Lysine Coated Glass Coverslips
(two 12-mm diameter coverslips per condition) with autologous
plasma to continue incubation at 37◦C/5% CO2 for 1 h and
regain natural cell morphology. Coverslips were washed once
with warm 1X DPBS and then fixed and permeabilized with BD
Citofix/CytopermtTM (Becton Dickinson). After another wash
with BDWashing Buffer, cells were stained with HLA-DR-FITC,
DNA dye DraQ5tTM (eBiosciences, Inc.; San Diego, CA) and

Alexa Fluor©R 594 phalloidin F-actin (Molecular Probes, Inc.;
Eugene, OR) in 1x DPBS with 0.5% HSA for 30 min/37◦C/dark.
Corresponding isotype mAbs served as controls for non-specific
background fluorescence. Coverslips were mounted with 50%
glycerol in DPBS and sealed with transparent non-florescent nail
polish (Thermo Fisher Scientific Inc.). Images were acquired

using Slidebook ©R software on an Axiovert©R 200m fluorescent
microscope (Zeiss; Thornwood, NY), with a 63X Immersion

Objective. Slidebook©R features allowed for the reconstruction
of three-dimensional rotational-ax confocal video-microscopy
using acquired stacked pictures (Supplementary Video 4). Also,
plane-by-plane confocal video-microscopy reconstructions were
made using acquired confocal images taken at focal planes
0.2µm apart (Supplementary Videos 5, 6). To assess uptake
of BCG (M. bovis), mycobacteria were labeled with DraQ5TM

dye for DNA and lipophilic dye 1,1’-Dioctadecyl-3,3,3’,3’-
Tetramethylindocarbocyanine Perchlorate (DiI or DiIC18)
for bacterial membrane lipids, as previously described (29),
prior to addition to TCs. 0.25µm thick optic focal plane cuts
were imaged to verify intracellular presence of bacteria. ADA
activity in plasma after immune stimulation of age-specific

TCs: ADA1 activity was measured in age-specific supernatants
(D0) from BCG in vitro immunized TCs. This technique was
also used to determine ADA1 and ADA2 activities in untreated
plasma samples from the newborns and adults recruited for
our in vitro studies, directly after separation from blood, and
from plasma samples obtained by a Guinea-Bissau clinical trial
comparing birth-BCG vs. delayed-BCG scheduled. ADA1 and
ADA2 activities in plasma (Units/Liter) were determined with a
chromogenic assay kit (Diazyme Laboratories, Inc.; Poway, CA),
in 384-well plates, using recommended controls and calibrator
sets and maintaining reagent ratios, as per manufacturer’s
recommendations. Assay was run in duplicate with or without
ADA1 inhibitor erythro-9-(2-Hydroxy-3-nonyl)-adenine
hydrochloride (EHNA, 20µM). Since ADA2 is not EHNA
sensitive, ADA2 activity is determined by EHNA-containing
wells. Results were read on a Tecan Infinite 200 and ADA1
activity was calculated by subtracting ADA2 activity from total
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ADA activity, as recommended by the manufacturer. One unit of
ADA is defined as the amount of ADA that generates one µmole
of inosine from adenosine per min at 37◦C.

Stimulation of Autologous Lymphocytes by
DCs From in vitro Vaccinated Tissue
Constructs
The stimulatory capacity of autonomous TC-derived DCs toward
autologous untouched CD4+ T cells (Figure 1 VIII–IX) was
investigated by measuring proliferation and cytokine production
after several days of co-culture in the presence of 10% autologous
plasma, with no media changes or the addition of exogenous
factors. Timing: Age-specific TCs were prepared and pulsed
(D-2) with licensed pediatric vaccines (e.g., HBV, PCV, PVP,
or BCG), as previously described. Two days later (D0) DCs
were harvested and co-cultured for up to seven days with
either autologous naïve CD4+ CD45RA+ T cells to assess
their capacity to initiate primary responses or with autologous
total CD4+ T cells from recruited study participants with
positive BCG and/or HBV vaccination history, in order to assess
the capacity of our model to detect or re-stimulate memory
responses. Untouched CD4+CD45RA+ naïve T cells and CD4+
pan T cells were isolated by negative selection from freshly

thawed MCs using magnetic microbeads (MACS©R isolation kit,
Miltenyi Biotech GmbH; Bergisch Gladbach, FRG), following the
manufacturer’s instructions. Lymphocytes were routinely >98%
pure, as assessed by multicolor flow cytometry with mAbs CD4-
PE, CD3-APC, and CD45RA-FITC (Becton Dickinson; Franklin
Lakes, New Jersey). DC:T cell co-cultures were setup in 96-
well microtiter plates at ratio 1:10 (5 × 103 DCs + 5 ×

104 T cells) in 200 µL of RPMI1640 Media containing 10%
autologous plasma and cultured at 37◦C/5% CO2 with no media
changes. Analysis of autologous lymphoproliferation induced

by DCs from in vitro vaccinated TCs: Lymphoproliferation
was assessed by the H3-thymidine incorporation method at
various time-points (D3, D5 andD7). Eight hours before analysis,
a sample of media was collected and stored at −20◦C for
cytokine assessment and then, 1 µCi/well of H3-Thymidine
(PerkinElmer; Waltham, MA) was added to each culture well,
including some empty background controls. The whole 96-
well-plate with co-cultures were harvested into glass fiber filter
mats (PerkinElmer) using a Harvester96 (TomTec; Hamden,
CT) and read with a 1450 Microbeta Counter (PerkinElmer).
Depending on cell availability, 3 to 14 DC:T cell culture replicas
were setup per condition, leaving rows of empty wells in
between conditions. Other background controls tested included:
unstimulated cultures, naïve T cells that were co-cultured with
DCs, naïve T cells co-cultured with live attenuated BCG but
no DCs and BCG vaccine alone in regular media with no
antibiotics. Counts Per Minute (CPM) were calculated as the
mean of all replica co-cultures per harvested condition for
each donor. Cytokines released after immune stimulation of

autologous lymphocytes by DCs from in vitro vaccinated TCs:
Supernatants from DC:T cell co-cultures at D3, D5, and D7
were harvested and stored at −20◦C until use. Cytokines were
measured after a single freeze-thaw cycle by a fluorometric

bead-based array method, using human 17-, 26-, or 29-
plex Cytokine/Chemokine panel kits (Millipore; Billerica, MA)
and a Luminex Multiplex Instrument (Millipore), following
manufacturer’s recommendations. This technique was also used
to measure cytokines released in cultures after an Ag85A-specific
peptide challenge. Panel of analytes included IL-1ra, IL-1α, IL-1β,
IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8 (CXCL8), IL-10, IL-12p40,
IL-12p70, IL-13, IL-15, IL-17, TNF-α, TNF-β, IFN-α2, IFN-γ,
IP-10, CCL2, G-CSF, GM-CSF, MIP-1α, MIP-1β, EGF, Eotaxin
(CCL11), and VEGF.

Autologous Ag85A-Specific Lymphocyte
Challenge Responses Induced by BCG in

vitro Immunization
Timing: Age-specific TCs were prepared and pulsed with
licensed pediatric vaccine BCG or left unstimulated, as previously
described. At D0, DCs were harvested and co-cultured with
autologous naïve CD4+ CD45RA+ naïve T cells for up to
15 days. As before, all DC:T cell co-cultures were setup in
96-well microtiter plates at ratio 1:10 (5 × 103 DCs + 5
× 104 T cells) in 200 µL of RPMI1640 Media containing
10% autologous plasma, with no media changes. D15: Resting
T cells were harvested, washed, counted and re-plated (5 ×

103 cells/well) in 10% autologous plasma media to undergo
further culture-challenge with 5× 104 freshly selected autologous
CD33+ monocytes (10:1 monocyte:T cell ratio) and a pool
of peptides encompassing the entire sequence of mycobacteria
antigen Ag85A. Peptides and monocytes were not pre-incubated
and no media changes or additives were provided during culture.
D20, D22 andD25: At days 20, 22, and 25, cells and supernatants
were analyzed for proliferation and cytokines, respectively.
Autologous Ag85A-challenge lymphoproliferation induced by

in vitro immunization with BCG: Split T cells (D15) were
either challenged with a pool of 28 Ag85A peptides (Ag-specific,
560µg/mL) or with a pool of 28 corresponding scrambled
sequences (background control, 560µg/mL). Single-peptide final
test concentration was ∼20µg/mL. Other specificity controls
included were split T cells with no challenge, split T cells
challenged with peptides but no monocytes and Ag-specific
challenged autologous naïve T cells never exposed to DCs
from BCG-stimulated TCs. Lymphoproliferation in response
to challenges was assessed by the H3-thymidine incorporation
method at D20, D22, and D25, with as many replica wells
per condition as possible, as previously described. Cytokines
induced by Ag85A-challenge after BCG in vitro immunization:
Supernatants fromD25 were harvested and stored at−20◦C until
use. Cytokines were analyzed bymultiplex cytokine bead array, as
previously described.

Autologous HBsAg-Specific Lymphocyte
Challenge Responses Induced by HBV in

vitro Immunization
Timing: Age-specific TCs were prepared and pulsed (D-2) with
licensed pediatric vaccine HBV (1:100v/v dilution), as previously
described. At D0, DCs were harvested and co-cultured at
37◦C/5% CO2 with autologous total CD4+ T cells in 96-well
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microtiter plates at ratio 1:10 (5 × 103 DCs + 5 × 104 T cells)
in 200 µL of RPMI-1640 Media containing 10% autologous
plasma. To model the second immunization of HBV, as given
in vivo, a second set of age-specific TCs was started at D5,
using autologous monocytes from same two participants used
at D-2. These new TCs were vaccinated in vitro with same
lot and dose of HBV (1:100v/v), but now using two kinds of
plasmas: (a) autologous plasma; and (b), half autologous plasma
mixed with half plasma from the opposite age-group participant
being tested on that same assay (1:1v/v mix of plasmas). At
D7, half of media (100 µL) of the ongoing DC:T cell co-
culture was removed by gentle aspiration to provide room for
the second round of autologous HBV-stimulated DCs (Boost).
Boosting DCs were harvested from the new set of TCs and
supplied to ongoing co-cultures in 100 µL of corresponding 10%
autologous plasma media or 10% plasma from the opposite age-
group participant being tested on that same assay; such that,
when combined with remaining autologous co-culture media
produced a final 10% of 1:1v/v mixed plasmas. Thus, from D7

onward for each age-group participant on that assay half the
boost DC:T cell co-cultures will have autologous plasma and the
other half will have mixed plasma. At D21, resting T cells were
harvested, washed, counted, and re-plated (5 × 103 cells/well) in
corresponding plasma media (same as used at D7) to undergo
further culture (CHALLENGE) with 5 × 104 freshly selected
autologous CD33+ monocytes (10:1 monocyte:T cell ratio) and
a pool of peptides encompassing the entire sequence of HBV
antigen HBsAg. Peptides and monocytes were not pre-incubated.
At D31 selected samples were analyzed for proliferation and T
cell Receptor (TCR) sequencing. Autologous HBsAg-challenge

lymphoproliferation by HBV in vitro immunization: Split
T cells (D21) from each age-group participant were either
challenged with a pool of 15HBsAg peptides (300µg/mL) or with
a pool of 15 corresponding scrambled sequences (background
control, 300µg/mL). Single-peptide final test concentration
was ∼20µg/mL. Lymphoproliferation in response to challenges
was assessed by the H3-thymidine incorporation method at
D31, with as many replica wells per condition as possible, as
previously described. All adult blood used for these experiments
was from participants with positive HBV vaccination history.
Plasma HBsAg-Ab titers were investigated after conclusion of the
study (Supplementary Table 2). Inter-assay peptide-challenge
proliferation reproducibility was retrospectively investigated
after realizing the unplanned re-usage of blood from 3
adult participants; these donations occurred with >1 year
span in between them (Supplementary Figure 1). HBsAg-

challenge expansion of T cell clones associated to HBV

in vitro immunization: Cells from three HBsAg-challenge
experiments, each containing one newborn tested side-by-side
to one adult, were taken from seven time-points/conditions
detailed at design schematics (Figure 6A, indicated as ©1 ,
©2 , ©3 , ©4 , ©5 , ©6 , and ©7 ). Fast-frozen cell pellets were
shipped to Adaptive Biotechnologies©R Inc. (Seattle, WA) where

genomic DNA was prepared using the Qiagen©R DNeasy
Blood & Tissue Kit (Germantown, MD), according to the
manufacturer’s instructions. Samples were quantified using
Dropsense96 (TRINEAN NV; Gentbrugge, Belgium), diluted in

buffer to a standard concentration for library preparation prior
to high-throughput sequencing of the TCRβ complementarity-
determining region 3 (CDR3). Sequences were amplified from
genomic DNA using a two-step, bias-controlled multiplex PCR
approach (30). First PCR amplified the hypervariable CDR3
of the immune receptor locus using forward and reverse
amplification primers specific for every V and J gene segments.
Then, a second PCR added “proprietary barcode” and “Illumina

adapter” sequences (Illumina©R , Inc.; San Diego, CA). CDR3
libraries were sequenced on an Illumina instrument according
to the manufacturer’s instructions. Raw sequence reads were
demultiplexed according to Adaptive’s proprietary barcode
sequences. Demultiplexed reads were then further processed
to: (a) remove adapter and primer sequences; (b), identify
and correct for technical errors introduced through PCR and
sequencing; and (c), remove primer dimer, germline and other
contaminant sequences. Data was filtered and clustered using the
relative frequency ratio between similar clones and a modified
nearest-neighbor algorithm, to merge closely related sequences.
The resulting sequences were sufficient to enable annotation
of the V(N)D(N)J genes, constituting each unique CDR3, and
the predicted translation of the encoded CDR3 amino acid
sequences. V, D and J gene definitions were based on annotation
in accordance with the ImMunoGeneTics (IMGT) database.
All rearrangements having an in-frame V and J gene within
the CDR3 region (e.g., relative to the conserved cysteine and
phenylalanine, respectively), and containing no stop codons,
were considered productive, i.e., capable of being part of a
functional antigen-recognition pocket region of a TCR. The
set of observed biological 87 nucleotides long TCRβ CDR3
sequences were normalized to correct for residual multiplex
PCR amplification bias and quantified against a set of synthetic
TCRβ CDR3 sequence analogs (30). The number and frequency
of productive rearranged nucleotide TCR sequences for each
condition and donor, each one likely reflecting a single-donor
T cell with a functional TCR, was formatted and exported for

further analysis using the ImmunoSEQ©R Analyzer (Adaptive
Biotechnologies; Seattle, WA). The sum of frequencies of
productively rearranged non-shared TCRs from each peptide-
challenge sample at D31 (©3 , ©4 , ©6 , and ©7 ), that were also
detected at corresponding D21 HBV PRIME-BOOST sample
(©2 or ©5 ), were plotted side-by-side to evaluate if viable HBV
stimulated (D0) T cell clones had been preferentially maintained
(survival) or numerically increased by HBsAg-specific challenge
(HBV-associated TCRs) after 31 days of culture.

Statistical Analysis
Typically, each assay had a pair of age-specific study participants
(one newborn and one adult), tested side-by-side on each
condition. P ≤ 0.05 were considered statistically significant
and typically denoted as ∗ < 0.05, ∗∗ < 0.01, and ∗∗∗ <

0.001. Results reported are the mean of multiple technical
replicates. Unless otherwise stated, descriptive statistics are
reported as the mean of results produced by each study
participant age group± standard deviation. Paired and Unpaired
T-tests were employed to compare matched observations (e.g.,
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conditions and time-points) and different participants (e.g., age
groups), respectively. For the Ag85A-specific challenge, counts
per minute (CPMs) from D20,–22, and –25 of assay were
normalized by subtracting nonspecific proliferation fromAg85A-
corresponding scrambled sequence peptides, log-transformed
to achieve normality (Kolmogorov-Smirnov test) and then the
parametric paired t-test, two-tailed, was applied to compare
Ag85A-specific vs. scrambled peptides. For Stimulation Index
(SI) assays, one-sample paired T-test against the hypothetical
value of 1.00 was used to compare normalized data (GraphPad
Prism 4 software, GraphPad Software Inc.). For analysis of
ADA activity in plasma from Guinea-Bissau randomized trial,
a sensitivity analysis using linear regression was additionally
performed to control for any potential effect of birth weight
(Stata12, StataCorp, TX, USA). TCR analysis was performed
on three HBV experiments (non-consanguineous newborns and
adults; N = 3 per group) each with seven different time
points/conditions. As all TCs for HBV experiments used the same
primary single-donor HUVECs that could potentially represent a
carry-over contaminant to DC:T cell co-cultures, we sequenced
a sample of untreated HUVECs to validate and control TCR
analysis. TCR sequences, with their relative frequencies, from
the 43 samples (42 test samples plus 1 control HUVEC sample)

were exported using the ImmunoSEQ©R Analyzer tool (Adaptive
Biotechnologies; Seattle, WA). No endothelial TCR sequences
were detected among the 164,738 productive rearranged TCR
sequences generated by the 42 test samples. Test conditions from
non-consanguineous participants were pooled per age group
(newborns and adults; N = 3). To study the relationship between
the T cells resulting from the HBV in vitro immunization
process (D21) and those resulting from the Ag-challenge (D31),
productive re-arranged TCR sequences from samples ©2 and ©5

(D21) were located at samples©3 ,©4 ,©6 , and©7 (D31). Statistical
analyses of TCR numbers and frequencies were performed
for these four resulting datasets (©2 -©3 , ©2 -©4 , ©5 -©6 , and ©5 -
©7 ) for each age group. Only mutually exclusive TCRs, not
overlapping between peptide types in a given plasma condition,
were analyzed. As datasets were not normally distributed, P
values were calculated as the minimum value of two non-
parametric tests (Mann-Whitney U test and One-sample sign
test, one-sided). Paired observations were used when comparing
conditions from the same study participant.

RESULTS

Autonomous Generation of Age-Specific
Tissue Construct-Derived Mature DCs in
Response to Vaccines
Reverse transmigrated leukocyte fractions from NTCs and ATCs
stimulated with low-to-high sublethal concentrations of five
well-known hydrosoluble adjuvants and two licensed newborn
vaccines were analyzed by flow cytometry for the presence of
mature DCs. Conventional surface phenotype of mature human
DCs (9) includes the co-expression of high levels of antigen-
presenting molecule HLA-DR and costimulatory molecule CD86
(Figure 1 VII), de novo expression of mature DC marker

CD197 (formerly CCR7), and negligible levels of monocyte
marker CD14 (HLA-DRhi/CD86hi/CD197+/CD14lo/−). Relative
percentages of viable mature DC events (Figures 2A,B), as well as
surface expression levels (Mean Fluorescent Intensities) for these
markers (Supplementary Figure 2), were analyzed for adjuvants
such as Alum, either as hydroxide (Al-OH) or as Phosphate (Al-
PO), TLRAs including bacterial lipopeptide Pam3CSK4 (Pam3;
TLR1/2A), Monophosphoryl Lipid A (MPLA; TLR4A), and
resiquimod (R848; TLR7/8A), as well as the licensed vaccines
HBV and BCG. Viability of reverse transmigrated cells from
stimulated TCs was not significantly different between age
groups, with means ranging 73.6–84.83% in NTCs and 83.8–
92.6% in ATCs. Reverse transmigrated cells from unstimulated
TCs from both age groups showed higher surface expression
of CD86 and HLA-DR than initially extravasated autologous
monocytes, reflecting on their autonomous differentiation into
immature DCs (10). DC maturation is only achieved after
efficient immune stimulation. Of note, the number of mature
DCs was typically higher in adults than newborns in response
to most adjuvants and BCG vaccine. Consistent with the known
ontogeny of human neonatal leukocytes in responding weakly to
certain adjuvants, and reflecting on inhibitory newborn plasma
factors, including adenosine (2, 31), of all stimuli tested only
R848 and BCG vaccine induced mature DCs from NTCs. To
assess the microphysiological relevance of culturing cells in
autologous plasma (Figure 2B and Supplementary Figure 2), we
compared DC maturation in response to the relatively weak
activator of human neonatal leukocytes TLR2A Pam3 and the
robust activator TLR7/8A R848 (32), as well as HBV and
BCG vaccines, under different plasma conditions. Consistent
with previously reported immunosuppressive effects of neonatal
plasma toward TLR-mediated pro-inflammatory signaling in
whole blood cultures, especially toward TLR2As (24), the TLR2A
Pam3 was less active in the presence of autologous intact
newborn plasma, while substitution with adult plasma enhanced
adjuvant-induced maturation of newborn DCs, especially in
response to Pam3. In contrast, newborn plasma suppressed
stimulus-induced maturation of adult DCs. Consistently, Fetal
Bovine Serum (FBS) limited the Pam3 response of adult cells
similar to the effect of human newborn plasma. Confocal
microscopy of reverse transmigrated cells from BCG-stimulated
TCs (Figure 2C and Supplementary Videos 4–6) demonstrated
a classic DC morphology and maturation as indicated by surface
translocation of HLA-DR molecules (green), initially stored in
Class-II vesicles of immature DCs (33). Internalization of BCG
M. bovis by newborn and adult reverse transmigrated cells
(Supplementary Figure 3) induced a nearly homogeneous DC
maturation (Figure 2C), while in contrast the alum-based HBV
generated a polarized mix of mature and immature DCs.

DCs From Vaccine-Pulsed Tissue
Constructs Induce Autologous CD4+ T
Cell Responses
The ability of BCG vaccine to induce apparently effective
mature DCs from NTCs was consistent with its efficacy
in vivo (2) and enabled us to investigate autologous adaptive

Frontiers in Immunology | www.frontiersin.org 9 November 2018 | Volume 9 | Article 2634

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sanchez-Schmitz et al. Tissue Constructs Model Age-Specific Immunity

FIGURE 2 | Tissue constructs enable age- and stimulus-specific generation of autonomously generated newborn and adult DCs by adjuvants and licensed vaccines.

(A) Age-specific maturation of autonomously generated DCs after adjuvant stimulation of TCs. Percentage of viable mature DCs (HLA-DRhi/CD86hi/CD197+/

CD14lo/−) from age-specific TCs stimulated with vaccinal adjuvants: Aluminum hydroxide (AlOH, at 2.5 and 25µg/mL), Aluminum Phosphate (AlPO, at 2.5 and

25µg/mL), Pam3CSK4 (Pam3, at 1 and 10µg/mL), 3-O-desacyl-4′-monophosphoryl lipid A (MPLA, at 1ng/mL and 10ng/mL) and Resiquimod (R848, at 5µM and

50µM). Triangles indicate low to high concentration. Black stars compared every condition to unstimulated autologous plasma controls, per age group. Green stars

compared age groups for same test and condition. N = 3-10 donors per age group with ≥7 technical replicas per condition. (B) Age-specific maturation of

autonomously generated DCs after vaccine and plasma type stimulation of TCs. Percentage of viable mature DCs (HLA-DRhi/CD86hi/CD197+/CD14lo/−) from

age-specific TCs stimulated by weak newborn stimulus Pam3 (10µg/mL), robust newborn stimulus R848 (50µM) and HBV (1:10v/v and 1:2v/v dilutions) and BCG

(1:20v/v and 1:10v/v dilutions) vaccines. Triangles indicate low to high concentration. Each experiment included conditions in which autologous plasma from the

newborn and the adult were swapped, as described in Methods. FBS was only tested for Pam3. Red stars compared every condition to unstimulated control (Ø), per

plasma type group; black stars compared every condition to unstimulated autologous plasma controls, per age group; blue stars compared the effect of plasma type

on each condition, per age group. N = 3-10 donors per age group with ≥7 technical replicas per condition. (C) Surface translocation of cytoplasmic HLA-DR on

autonomously generated DCs after HBV or BCG vaccine stimulation of age-specific TCs. Cytoplasmic stored HLA-DR class II molecules are seen in green, F-actin

filaments (cytoskeleton) in red and DNA in blue (representative Confocal-microscopy images, scale bar = 10µm). P = * < 0.05; ** < 0.01; *** < 0.001.

responses in vitro. Thus, we focused our attention on modeling
the type of lymphocyte responses induced by this vaccine
in vivo where a single neonatal dose of BCG induces T-cell
proliferation and cytokines (2). Indeed, CD4+ T cells play an
important role in host defense against Mycobacteria spp., as
evidenced by susceptibility of patients with HIV or primary
immunodeficiencies such as SCID or IL-12- or IFN-γ-deficiency
(34, 35). Accordingly, we evaluated the functional capacity of age-
specific TC-derived DCs (reverse transmigrated cells) to induce
proliferation of naïve untouched autologous T helper cells. DCs
from BCG-stimulated TCs were harvested and co-cultured with
autologous CD3+/CD4+/CD45RA+ T cells (36) to measure
proliferation (Figure 3A), as described in Methods. Alum-
adjuvanted vaccines HBV and PCV, previously studied in human
newborns in vivo (37), were also tested in parallel, as reference.
Our approach was to co-culture TC-derived DCs and T cells
under autologous plasma for 7–15 days without media changes
to avoid disrupting naturally formed cytokine microgradients
(38). Purified CD33+ monocytes enabled the harvest of pure
myeloid DCs and a fixed DC:T cell co-stimulation ratio enabled

direct functional comparison between age groups and conditions.
To test in vitro concentrations matching the relative vaccine
antigen/adjuvant contribution of a single newborn dose in vivo,
as above, HBV and PCV (in vivo dose of 500 µL each) were
tested initially at dilution 1:2 v/v, while BCG vaccine was tested
at dilution 1:20 v/v (in vivo dose of 50 µL each). Consistent with
DC maturation results, only DCs from BCG-pulsed NTCs and
ATCs stimulated significant proliferation of autologous naïve T
cells at Day 7 (D7) of culture. BCG results were confirmed with
a seven-day time-course proliferation with background controls
including unstimulated cultures, naïve T cells alone (no DCs),
naïve T cells plus live attenuated BCG (no DCs), and BCG
vaccine alone with no antibiotics (Supplementary Figure 4).

We next characterized vaccine-induced production of Th-
polarizing cytokines in supernatants from previous co-cultures
(Supplementary Table 3). Paralleling lymphoproliferation, adult
co-cultures vaccinated in vitro with BCG produced significantly
higher concentrations of IL-1α, IL-6, IL-7, CXCL8, TNF-
β, IFN-γ, and GM-CSF in response to BCG vs. matched
unstimulated controls. Newborn BCG co-cultures produced an
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FIGURE 3 | Autonomously derived DCs from tissue constructs pulsed with licensed pediatric vaccines induce autologous age-specific T cell proliferation.

(A) Autologous naïve T cell proliferation induced by DCs autonomously generated from age-specific TCs stimulated with pediatric vaccines HBV, PCV, and BCG.

Proliferation of Naïve CD4+ CD45RA+ T cells (Counts Per Minute or CPM) was assessed at day 7 (D7). BCG was used at 1:20v/v dilution; HBV and PCV were tested

at 1:2v/v dilution. N = 5–7 participants/age group, per condition. Black stars compared vaccines vs. unstimulated controls (Ø) on same age group. (B) Autologous

total T cell proliferation induced by DCs autonomously generated from age-specific TCs stimulated with pediatric vaccines PVP, HBV, PCV, and BCG.

Lymphoproliferation (CPM) was assessed at day 7 (D7). T cells were total CD4+. PVP, HBV, PCV and BCG vaccines were tested at equal concentrations. Triangles

indicate low (1:100v/v) and high (1:10v/v) test concentrations. N = 3–9 donors per age group per condition, with ≥7 technical replicas per data point. Recruited adults

had positive history of BCG and HBV vaccinations. Black stars compared vaccines vs. unstimulated controls (Ø) on same age group; green stars compared same

condition between age groups. (C) Cognate lymphoproliferation induced by BCG in vitro immunization. Proliferation of CD4+ T cells (CPM) induced by autologous

DCs from age-specific TCs stimulated with BCG (1:100v/v and 1:10v/v dilutions) was assessed at days 3, 5, and 7. Recruited adults had positive history of BCG

immunization and recent DTH assessment as PPD+ or PPD–. Corresponding unstimulated background controls were individually subtracted to compare dose and

time between naïve and immunized participants. N = 5 newborns, 4 PPD– adults and 5 PPD+ adults. Black stars compared BCG vs. theoretical mean 0.0; green

stars compared same condition between participants; blue stars compared the effect of BCG dose on a given participant/time or BCG time-point for the same

participant/dose. P = * < 0.05; ** < 0.01.

even wider variety of cytokines, including IL-1β, IL-2, IL-5,
IL-6, IL-7, CXCL8, IL-10, IL-12p70, IL-13, IL-15, IL-17, TNF-
α, TNF-β, IFN-α2, IFN-γ, GM-CSF, and CCL11. All of these
corresponded with cytokines induced by recall challenge of
infant leukocytes after neonatal BCG immunization in vivo,
including IL-1β, IL-2, IL-5, IL-6, IL-10, IL-12p70, IL-13, IL-17,
TNF-α, and IFN-γ (20, 34, 35, 39–55) (Supplementary Table 4).
In contrast to BCG, HBV and PCV co-cultures produced a
markedly smaller array of cytokines and chemokines at relatively
lower concentrations. Adult HBV co-cultures showed significant
levels of CCL2, while newborn HBV co-cultures produced
significant IL-7, CXCL8, IFN-α2, and CCL11 (CCL2 was high
but without statistical power). Despite being measured, IL-5, IL-
13, or IFN-γ cytokines were not significant in vitro, an aspect
that is in agreement with HBsAg-recall challenge responses
from infants receiving only one birth dose of HBV in vivo
(Supplementary Table 4) (56). Adult PCV co-cultures generated
significant levels of IL-1α, IL-6, CXCL8, IFN-γ, GM-CSF, CCL2,

and CCL11; while newborn PCV co-cultures demonstrated
production of IL-1β, IL-6, IL-7, CXCL8, IL-10, IL-12p70, IFN-
α2, IFN-γ, and CCL11 (IL-13 and CCL2 were high but without
statistical power). In vivo, recall challenge of blood with PCV-
carrier protein Diphtheria CRM197 induced IL-1β, IL-5, IL-
6, IL-9, IL-10, IL-12, IL-13, TNF-α, and IFN-γ from infants
finishing a three dose PCV series (birth, 1, and 2 months of age)
(Supplementary Table 4) (37).

Subsequently, we tested the capacity of TCs to sense donor’s
immunological memory to vaccines by using negatively selected
autologous total CD4+ T cells from adults with recent Delayed-
Type Hypersensitivity (DTH) test against the mycobacterial
Purified Protein Derivative (PPD or Tuberculin), as well as
documented HBV vaccination status and active immunity to
HBV according to their Hepatitis B surface Antigen (HBsAg)
antibody (Ab) levels (>12.0 mIU/mL). CD4+ lymphocytes
were co-cultured for 7 days with autologous DCs from TCs
immunized in vitro with BCG, HBV, PCV, and the T-cell
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FIGURE 4 | Human tissue constructs model autologous age- and antigen 85A-specific responses after BCG immunization in vitro. (A) Assay design to assess

autologous Ag85A-specific recall-responses after BCG newborn in vitro immunization. DCs from age-specific TCs stimulated with BCG (1:10v/v) were co-cultured

with autologous naïve CD4+ T cells for 15 days (D15) and split (5,000 cells/well) to undergo antigen challenge for 10 more days (D25) using autologous monocytes

with either a peptide pool of antigen-specific Ag85A or a scrambled sequences control. (B) Autologous newborn Ag85A-specific recall-proliferation induced by BCG

in vitro immunization. Ag85A-specific lymphoproliferation (CPM) at days 20, 22, and 25 after peptide-challenge following assay design (A), as described in methods.

Corresponding non-specific background from scrambled sequence peptides were individually subtracted to Ag85A peptides CPMs (N = 6–7 participants/age group).

Black stars compared Ag85A-specific vs. theoretical mean 0.0. (C) Autologous newborn Ag85A-specific recall-cytokines induced by BCG in vitro immunization.

Cytokine profile induced by Ag85A-peptides challenge following assay design (A), as described in methods. DCs from age-specific TCs were either stimulated with

BCG (1:10v/v, red line) or left unstimulated (blue line) before co-cultured with autologous naïve CD4+ T cells for 15 days (D15) and split (5,000 cells/well) to undergo

antigen challenge for 10 more days (N = 6–7 participants per age group). Orange boxes highlight in vitro cytokines matching those induced in vivo by recall antigens

in infants vaccinated at birth with BCG (20, 34, 35, 39–55) (Supplementary Table 4). Black stars compared BCG vs. no BCG; green stars compared conditions

between age groups. P = * < 0.05; ** < 0.01; *** < 0.001.

independent (57) polysaccharide vaccine, Pneumococcal Vaccine

Polyvalent (PVP, Pneumovax©R 23), included for comparison
to the T-dependent PCV vaccine response (58). After 7 days
of culture (Figure 3B), adult and newborn CD4+ T cells
proliferated significantly in response to at least one of the
two concentrations tested (1:100v/v and 1:10v/v dilutions) for
every vaccine except PVP. Mirroring the requirement for at
least three infant doses of HBV (at birth, 2, and 6 months of
age) in vivo to try to achieve seroprotection (2), neonatal TC
HBV responses were detectable vs. unstimulated controls, but
were relatively lower than those from HBV-immunized adults.
The strong neonatal lymphoproliferative response to BCG,
coupled with a lack of a neonatal lymphoproliferation to PVP,
mirrored observations by clinical studies, further supporting
the hypothesis that the TC reflects immune responses relevant
in vivo (23, 59). To our knowledge, no studies have assessed
neonatal T cell responses after a single dose of PCV vaccine in
vivo, precluding direct comparison with the NTC readout for
this vaccine. However, the significant PCV response from ATCs

was in agreement with the expected age-dependent immune-
competency of adults against Streptococcus pneumoniae (2). BCG
results were further validated by measuring lymphoproliferation
through time and dose on adult donors grouped as PPD+ and
PPD- (Figure 3C). CD4+ lymphocytes stimulated by autologous
DCs from TCs immunized in vitro with BCG, proliferated in
a kinetic- and dose-dependent (1:100v/v vs. 1:10v/v) manner
above unstimulated controls, with extent of proliferation
mirroring the relative immunological memory of the participants
tested.

Autologous Antigen-Specific Recall
Responses by Age-Specific DCs From
BCG-Immunized Tissue Constructs
Next we assessed whether TC-derived DCs could stimulate single
antigen-specific responses in autologous naïve newborn CD4+
T cells after in vitro immunization with BCG vaccine. TCs
were left unstimulated or immunized with BCG (1:10v/v) in
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autologous plasma; autonomously generated DCs were then co-
cultured with autologous untouched naïve CD4+/CD45RA+ T
lymphocytes at a fixed ratio in the presence of autologous plasma
for up to 15 days, without media changes. At Day 15, rested T
cells were split (to 5,000 cells/well) and challenged for 10 days
more with autologous CD33+ monocytes and either scramble
control peptides or peptides spanning the entire protein sequence
of BCG antigen Ag85A (Figure 4A) (60). At D25, Ag85A-
challenge induced significant proliferation of newborn and
adult cultures above that of scramble-challenge, unchallenged
T cells or Ag85A-challenged autologous naïve T cells that
never received BCG-stimulated DCs (Figure 4B). Consistent
with their observed Ag85A-specific proliferation, newborn D25
supernatants demonstrated significant levels of IL-1α, IL-1β, IL-
2, IL-4, IL-5, IL-6, IL-10, IL-12p40, IL-12p70, IL-13, IL-17, TNF-
α, TNF-β, IFN-γ, MIP-1α, and MIP-1β (Figure 4C); and adult
D25 supernatants produced IL-4, CXCL8, IL-12p40, IL-12p70,
TNF-α, TNF-β, IFN-γ, MIP-1α, and MIP-1β, as compared to
the non-vaccinated controls. Newborn cultures produced greater
concentrations of IL-4, IL-12p40, IL-12p70, and TNF-α, than
adults, while adult co-cultures produced greater concentrations
of IL-17. Eleven out of the 17 effector cytokines found on
newborn DC:T cell co-cultures vaccinated in vitro with BCG
(Supplementary Table 3) were also found after Ag85A-specific
challenge, including IL-1β, IL-2, IL-5, IL-6, IL-10, IL-12p70,
IL-13, IL-17, TNF-α, TNF-β, and IFN-γ. Of note, of these 11
cytokines, all but TNF-β (not studied in vivo) were produced
by leukocytes after antigen recall challenge in >4.5 month
old infants immunized with BCG at birth (20, 34, 35, 39–55)
(Supplementary Table 4).

Unlike newborn TNF responses to multiple other stimuli (e.g.,
Pam3) (24), TNF induction by Ag85A challenge was not inhibited
by the relatively high adenosine (Ado) concentration of neonatal
plasma. A possible explanation for this observation is that
Mycobacteria spp. can induce enhanced expression of ADA, a
biomarker enzyme that is elevated in TB infection (61), is critical
for development and function of T cells, as evidenced by ADA-
deficient SCID (35), and catabolizes Ado to the immunologically
inert Inosine. To assess this mechanistic hypothesis and
determine whether the NTC could model this relevant immune
mechanism in vitro, we characterized ADA activity in the
NTC. There are two forms of ADA, ADA-1, and ADA-2,
the latter with little activity over physiological concentrations
of Ado. Consistent with prior studies (62), newborn plasma
demonstrated significantly lower ADA-1 activity than adult
(Supplementary Figure 5). To enable ADA comparison of our
in vitro NTC results with the effect of BCG on newborns in vivo,
we measured ADA activity in blood plasma of 4 and 10 week-
old infants from a randomized clinical trial among low-birth-
weight infants in Guinea-Bissau (West Africa) (20) comparing
BCG at birth immunization vs. a delayed BCG vaccination
schedule (Figure 5A). ADA-2 increased with age in both groups,
whereas ADA-1 increased from 4 to 10 weeks among BCG-
vaccinated but not among controls. ADA-1 activity at 10 weeks
old increased significantly in association to a birth dose of
BCG. Since birth weight was strongly correlated with receipt
of pentavalent or the subsequent BCG in the control group,

a sensitivity analysis using linear regression was additionally
performed. Controlling for birth weight did not change ADA
results. In agreement with these results, and with the increased
ADA activity induced by BCG on human adult MCs in vitro (63),
a single dose of BCG induced a significant increase in ADA-1
activity in both the NTC and the ATC after 48 h in vitro, with
a greater relative effect in newborns, such that BCG increased the
relatively basal neonatal ADA-1 activity to a level similar to adults
(Figure 5B).

Autologous Antigen-Specific Recall
Responses by Age-Specific DCs From
HBV-Immunized Tissue Constructs
As HBV is a standard single-antigen alum-adjuvanted licensed
vaccine containing a viral like particle of hepatitis B surface
antigen (HBsAg) given at birth across the globe (64), we next
modeled immunity to this vaccine in vitro. Considering that DCs
from HBV-immunized TCs induced a modest but significant
proliferation of newborn CD4T cells at 1:100v/v dilution
(Figure 3B) and that, a peptide pool approach successfully
demonstrated BCG recall Ag-specific proliferative responses
(Figure 4B), we followed a similar approach for antigen-
challenge after HBV. Anticipating a positive memory response,
we recruited HBV vaccinated adult donors. DCs from HBV-
stimulated TCs were co-cultured with autologous total CD4+
T cells up to D15 before splitting cells and challenging them
for an additional 10 days with autologous monocytes and either
peptides spanning the entire protein sequence of HBV antigen
HBsAg (22) or background control sequence-scrambled peptides
(Supplementary Table 1 and Supplementary Figure 6). As
noted in vivo after a single dose of HBV, with a substantial
proportion of HBV non-responders and often negligible
lymphoproliferation after infant HBsAg recall challenge
(2, 56, 64–66), a single dose of vaccine resulted in insufficient
detection of newborn HBsAg-associated recall proliferation
above scrambled control. As effective HBV immunization
in vivo typically requires >1 dose, we next implemented a
TC boosting strategy in vitro. To provide this boosting HBV
dose to already primed DC:T cell co-cultures, a second set
of autologous TCs were in vitro-immunized with same HBV
vaccine lot and dose (1:100v/v) and resulting autologous DCs
were added to ongoing co-cultures at D7 (boost). Of note,
second dose after a birth-dose of HBV is only recommended
after passing 4-weeks of life (neonatal phase) (2, 64); by then,
infant plasma is known to be distinct from that of newborns
and adults (2, 28, 62). While in vitro HBV boosting would
require using autologous infant (not neonatal) plasma from
that point onward, from an in vitro modeling perspective there
are challenging limitations in drawing the large volumes of
autologous infant blood (>1 month of age) required for this
step. Thus, to approximate infant plasma in vitro, we changed
the natural relative presence of soluble immune-modulators
halfway between neonatal and adult levels by mixing 1:1v/v
the plasma of the newborn and the adult routinely tested
side-by-side on each one of these assays. Accordingly, besides
testing vaccine boosting in vitro with 100% neonatal plasma,
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FIGURE 5 | BCG vaccine induces plasma ADA activity in vivo and in vitro. (A) ADA-1 and ADA-2 activities in blood samples from a clinical study in Guinea-Bissau

comparing birth-BCG (BCG) vs. delayed-BCG (Ø). Blood samples were obtained at ∼4 and ∼10 weeks of age (before immunization of delayed-BCG group). Each dot

represents a study participant tested. The 4 weeks old infants group included 183 plasmas from early BCG and 131 from delayed-BCG group (Ø). The 10 weeks old

infants group consisted of 169 plasmas from early BCG and 42 from delayed-BCG group (Ø). (B) ADA-1 activity in plasma from TCs immunized in vitro with BCG.

Age-specific TCs were either stimulated with BCG (1:10v/v) or left unstimulated (Ø) and 48 h later plasmas were collected for ADA-1 activity testing (N = 10–13

participants per age group). U/L = Units per liter. P= * < 0.05; ** < 0.01; *** < 0.001.

we included a mixed plasma condition from the boost point
onward (Figure 6A). Indeed, whereas no HBsAg-associated
proliferation was detected above scrambled control (D31)
when boosting under autologous newborn plasma, significant
increase in HBsAg-specific proliferation was achieved when
boosting under mixed plasma (Figure 6B). Measurement of
antibodies against HBsAg (anti-HBsAg-Abs) in plasmas used for
these HBV assays (Supplementary Table 2) demonstrated
that mean anti-HBsAg-Ab titers were not significantly
different between test conditions (Supplementary Figure 7),
suggesting they did not account for the observed effect by mixed
plasma.

To confirm our impression of the generation of HBsAg-
specific responses in vitro, we characterized the HBsAg-specific
T cell clones associated with HBV boosting under different
plasma types. To this end, cells from three experiments
(total N = 3 per age group) were taken at seven points
throughout cultures (Figure 6A) and sent de-identified to
a third-party laboratory for high-throughput sequencing of

the CDR3 region using the ImmunoSEQ©R assay (Adaptive

Biotechnologies©R ; Seattle, WA). A pair-wise Morisita overlap
index analysis for both, the nucleotide (NT) and predicted
aminoacid (AA) sequences of detected TCRs of all samples
(Supplementary Figure 8), indicated an acceptable level
of independency (TCR clustering) between the six non-
consanguineous participants with no overlap with the HUVEC
control. Analysis of the number and frequency of detected
productive rearranged TCR sequences, those likely reflecting
single functional T cell, was focused on TCRs linked to HBV
in vitro immunization (Figure 6C), as described in Methods.
In contrast to the use of autologous plasma, analysis of the
TCR repertoire resulting from NTCs boosted with HBV under
1:1v/v mixed plasma demonstrated a significant increase in
number and frequency of HBsAg-associated TCR clones,
as compared to scrambled control peptides. For ATCs the
opposite pattern was observed, with mixed plasma during

boosting significantly inhibiting expansion of HBsAg-specific
clones.

DISCUSSION

Age-specific modeling of human vaccine responses in vitro
may be crucial to accelerate and de-risk vaccine development
as costly animal models reflect species-specific immunity and
it is not feasible to conduct large scale human clinical
trials in every target population for each potential candidate
vaccine formulation including diverse combinations of vaccinal
antigen, adjuvantation and formulation systems. In particular,
modeling of vaccine-induced autologous naïve CD4+ T cell
responses is important since T cell help to germinal center
B cells is essential for durable vaccine-induced humoral
immunity (67) and >90% of licensed U.S. vaccines are
based on antigenic proteins, likely to initiate T cell responses
in vivo (68). In this context, we report the first human
in vitro system comprised of entirely human components
that faithfully models age- and antigen-specific responses to
licensed vaccines. Here, autonomously generated DCs from
our age-specific microphysiologic human Tissue Constructs
immunized in vitro with licensed pediatric vaccines, induced
autologous naïve CD4+ T cell responses and single antigen-
specific recall challenge responses, similar to those observed in
vivo.

Our human TC model differs substantially from prior
seemingly similar immunological in vitro approaches (10, 16–
19) in its emphasis on: (1) immune ontogeny, including
newborns who are at highest risk of infection and receive
the greatest number of vaccines (69); (2) composition from
exclusively endotoxin-free human biomaterials, providing
a low background to enable detection of vaccine-induced
antigen-specific responses; and (3) microphysiology, preserving
autologous complex humoral and cellular signals that direct
autonomous migration and differentiation of monocytes into
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FIGURE 6 | Human tissue constructs model autologous age- and antigen-specific responses after HBV immunization in vitro. (A) Assay design to assess autologous

HBsAg-specific recall-responses after HBV newborn in vitro immunization. DCs from age-specific TCs stimulated with HBV (1:100v/v) were co-cultured (PRIME) with

autologous CD4+ T cells©1 for 7 days and then re-stimulated (BOOST) with a second round of autologous DCs form HBV-stimulated TCs (D7). At D21 of further

culture (©2 and©5 ), resting T cells were collected, counted and split (5,000 cells/well) to undergo antigen challenge (Ag-CHALLENGE) for another 10 days (D31,

©3 ,©4 ,©6 , and©7 ) using autologous monocytes and a peptide pool approach (HBsAg vs. scrambled sequence control). From D7 onward, half the experiments

continue their culture under either 100% autologous plasma (green) or a 1:1v/v mix of newborn and adult plasmas (red). (B) Autologous newborn HBsAg-specific

recall-proliferation induced by HBV in vitro immunization. Ag-challenge proliferation (CPM) was assessed at D31 for conditions©4 and (100% autologous plasma in

green)©6 and©7 and (1:1v/v mixed plasma in red) on each age group according to assay design (A), as described in methods. N = 10–15 participants/age group

with ≥7 technical replicas/condition. (C) HBV-associated challenge-specific TCRs (D31). Cell samples from steps©1 ,©2 ,©3 ,©4 ,©5 ,©6 , and©7 according to

assay design (A) were taken for DNA extraction and high-throughput sequencing of the TCRβ CDR3 region, as described in Methods (N = 3/age-group). The sum of

frequencies of productively rearranged non-shared TCRs from each peptide-challenge sample at D31 (©3 ,©4 ,©6 , and©7 ) that were also detected at corresponding

D21 samples (©2 or©5 ), were plotted. The number of HBV-associated challenge-specific TCRs found (yellow areas of Venn diagrams) is indicated inside

corresponding column. Blue numbers in Venn diagrams refer to newborns and black to adults. Green color refers to conditions using only 100% autologous plasma.

Red color refers to conditions using mixed plasma from boost step onward. P = * < 0.05; ** < 0.01; *** < 0.001.

DCs and their escape from tissues as age-specific antigen-
presenting cells carrying vaccinal antigens, mirroring the
efficient constitutive differentiation of monocytes into
migratory DCs that occurs in vivo (11). Key to our culture
approach is the use of relatively inexpensive autologous
heparinized non-heated plasma that preserves age-specific
factors that naturally shape innate and adaptive immune
responses in vivo (31). Autonomous differentiation of primary
monocytes into DCs occurred in autologous plasma with
no exogenous cytokines or xenogenic additives, avoiding
cellular differentiation to phenotypes that may not be relevant
in vivo (70).

Providing a more natural microenvironment with minimal
manipulation likely contributed to the ability of our human
in vitro system to mirror in vivo vaccine responses, including:
(1) innate DC maturation and migration in response to
adjuvants and the self-adjuvanted BCG vaccine (71); (2)
BCG-induced increase of plasma ADA activity in infants,
a reported in vivo biomarker of infant BCG immunization
(72) that we independently confirmed; (3) limited T
lymphocyte proliferation in response to the T cell-independent
pneumococcal polysaccharide vaccine (73); (4) vaccine-induced
patterns of antigen-recall T cell cytokines, chemokines,
and lymphoproliferation (2, 20, 34, 35, 37, 39–56, 64–66)
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(Supplementary Table 4); and (5) single-antigen responses with
dosing and plasma requirements matching those needed to
generate protective immunity in vivo [i.e., a single dose for BCG
(23, 59) vs. multiple doses for HBV (64)]. Moreover, comparison
of newborn and adult responses demonstrated that multiple
aspects of our results also match age-specific differences noted
in other human in vitro and in vivo studies (2, 24, 31, 32, 74),
suggesting the validity of our approach: (i) greater and broader
adult DC maturation and lymphoproliferation to a range of
adjuvants and vaccines (69), with the notable exception of
robust neonatal DC maturation by TLR7/8A, recently shown
to be a highly effective neonatal vaccine adjuvant in vivo (71);
(ii) increased responsiveness of newborn leukocytes in the
presence of adult plasma, and lower responsiveness of adult cells
cultured in newborn plasma (24); (iii) lower newborn plasma
ADA activity baseline (62); (iv) higher adult cognate T cell
responsiveness paralleling study participant vaccination history
and immune status (74); and a narrower and Th1-polarized
cytokine profile by BCG-immunized adults (75) as compared
to a broader Th1/Th2 mixed profile by newborns in vivo
(20, 34, 35, 39–55).

Few published studies have examined antigen presentation by
human neonates in vitro (76–82), with only two demonstrating
autologous naïve T cell responses toward a single-antigen (81,
82); neither of which used licensed newborn vaccines and both of
which employed cytokines to differentiate monocytes into DCs,
as well as exogenous additives to enforce T cell responses in vitro,
approaches that may intrinsically compromise the physiologic
relevance of the findings and their in vivo translation. Moreover,
to our knowledge our in vitro platform is the first culture system
that achieved the induction of human newborn autologous
naïve antigen-specific CD4+ T lymphocyte responses to licensed
vaccines in vitromatching responses observed in vivo.

Overall, our results strongly suggest that microphysiologic in
vitro cultures can model both innate and adaptive autologous
age-specific human immune responses to adjuvants and licensed
vaccines. Our culture approach demonstrates advantages over
clinical trials as it compares the same study participant for both
control and test conditions, thereby enhancing statistical power
by limiting unwanted genetic and epigenetic variability intrinsic
to human clinical trials, and enables large-scale human studies
of combinations of candidate vaccinal antigens, adjuvantation
systems and formulations, which is not feasible in vivo given the
costs of conducting large-scale human clinical trials. As with any
new technology, our culture model also has limitations such as
the lack of physiologic fluid flow, natural self-driven DC:T cell
interactions (as fixed DC:T cell ratios were used for proof of
concept comparisons) and naïve B cell Ab responses, a common
vaccine correlate of protection (68). Future studies should
explore use of whole blood and interstitial flow (microfluidics)
enabling natural transit of migratory cells to reflect the
complexity of cell migration and cell-cell interactions inherent
to tissues in vivo. Modeling lymphoid cell heterogeneity will
likely be necessary to generate autologous functional germinal
centers and Ab production; a technical aspect that thus far
has apparently only been demonstrated under markedly non-
physiologic conditions (83).

In sum, our microphysiologic culture system enables
autonomous generation of human DCs that can stimulate
autologous naïve CD4T cells to replicate age-specific single-
antigen immune responses to licensed vaccines, as noted in
vivo. Our newborn and adult culture systems offer practical and
technical advantages over current systems and in principle can
be used to model responses to additional vulnerable populations
such as the frail, elderly and chronically ill. Our approach
offers a unique platform for human pre-clinical immunological
studies informing age-targeted vaccine effectiveness in vitro to
accelerate, enhance, and de-risk vaccine development, including
design of single-dose early life vaccines, that can increase global
vaccine coverage, reduce infant vulnerability, and provide major
public health benefits (2).
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