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ABSTRACT Alternative delivery routes of the current Mycobacterium tuberculosis
(Mtb) vaccine, intradermally (ID) delivered BCG, may provide better protection against
tuberculosis, and be more easily administered. Here, we use rhesus macaques to com-
pare the airway immunogenicity of BCG delivered via either ID or intragastric gavage
vaccination. Ag-specific CD4 T cell responses in the blood were similar after BCG vacci-
nation via gavage or ID injection. However, gavage BCG vaccination induced signifi-
cantly lower T cell responses in the airways compared to intradermal BCG vaccination.
Examining T cell responses in lymph node biopsies showed that ID vaccination
induced T cell priming in skin-draining lymph nodes, while gavage vaccination induced
priming in the gut-draining nodes, as expected. While both delivery routes induced
highly functional Ag-specific CD4 T cells with a Th1* phenotype (CXCR31CCR61), ga-
vage vaccination induced the co-expression of the gut-homing integrin a4b7 on Ag-
specific Th1* cells, which was associated with reduced migration into the airways.
Thus, in rhesus macaques, the airway immunogenicity of gavage BCG vaccination may
be limited by the imprinting of gut-homing receptors on Ag-specific T cells primed in
intestinal lymph nodes.

IMPORTANCE Mycobacterium tuberculosis (Mtb) is a leading cause of global infec-
tious disease mortality. The vaccine for Mtb, Bacillus Calmette-Guérin (BCG), was
originally developed as an oral vaccine, but is now given intradermally. Recently,
clinical studies have reevaluated oral BCG vaccination in humans and found that
it induces significant T cell responses in the airways. Here, we use rhesus maca-
ques to compare the airway immunogenicity of BCG delivered intradermally or
via intragastric gavage. We find that gavage BCG vaccination induces Mtb-specific
T cell responses in the airways, but to a lesser extent than intradermal vaccina-
tion. Furthermore, gavage BCG vaccination induces the gut-homing receptor a4ß7
on Mtb-specific CD4 T cells, which was associated with reduced migration into
the airways. These data raise the possibility that strategies to limit the induction
of gut-homing receptors on responding T cells may enhance the airway immuno-
genicity of oral vaccines.
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M ycobacterium tuberculosis (Mtb) is a leading global cause of death due to infec-
tious disease, and deaths from TB are now increasing due to the reduced access

to TB diagnosis and treatment caused by the COVID-19 pandemic (1). The only avail-
able vaccine for Mtb is Bacillus Calmette-Guérin (BCG), which is given as an intradermal
injection within the first 6 months of age. While a single administration of ID BCG is
protective in children, it does little to prevent TB in adolescents and adults, and novel
highly effective vaccine strategies for TB are sorely needed.

One approach to enhance vaccine-mediated protection against Mtb has been to de-
velop alternate vaccine platforms, such as adjuvanted proteins, viral vectors, or other
attenuated mycobacteria (2). Another has been to improve the use of BCG itself. It was
recently shown that homologous boosting in adolescents, referred to as BCG re-vacci-
nation, displayed protection based on the novel metric of sustained quantiferon conver-
sion (3). There has also been interest in the ability of other routes of BCG administration
to enhance protection against Mtb. This is perhaps best illustrated by recent reports
that intravenous BCG vaccination induces extraordinarily high levels of protection
against Mtb challenge in nonhuman primates (4, 5). Mucosal vaccination routes also dis-
play great promise. Administration of BCG into the lungs induces high levels of protec-
tion against subsequent challenge in nonhuman primates (5–7), and is being explored
in humans (8).

Oral vaccination is another potentially important route of BCG vaccination. In fact,
BCG was first deployed a century ago as an oral vaccine. Several studies in mice and
guinea pigs have found that oral BCG vaccination induces immune responses similar
to ID BCG vaccination, and is at least as protective against Mtb infection (9–12). One
study even showed that rectal BCG vaccination of macaques induced IFNg -spot form-
ing cell responses in the spleen of similar magnitude as ID vaccination (13). A recent
clinical trial testing several different combinations of oral and ID BCG vaccination
showed that oral BCG vaccination not only generates Ag-specific T cells in the blood,
but also induces higher responses in the airways compared to ID BCG (14). To better
understand the generation of Mtb-specific T cell responses in the airways after oral vac-
cination, here we compare the magnitude, function, and phenotype of mycobacteria-
specific CD4 T cells generated after either intradermal or gavage BCG vaccination in
rhesus macaques.

RESULTS
Airway and circulating CD4 T cell responses after intradermal or gavage BCG

vaccination in rhesus macaques. Four rhesus macaques received an intradermal (ID)
BCG injection, with 2 animals receiving a low dose of 5.3 � 104 CFU, and 2 receiving a
high dose of 7.9 � 105 CFU. Alternatively, 4 animals received BCG directly into the
stomach via gavage, with 2 receiving a lower dose of 6.7 � 108 CFU and 2 receiving a
higher dose of 3.8 � 109 CFU (Fig. 1A). To identify Ag-specific CD4 T cells, bronchoal-
veolar lavage (BAL) cells, and peripheral blood mononuclear cells (PBMC) were restimu-
lated in vitro with either Purified Protein Derivative (PPD) or a peptide megapool of
Mtb-derived T cell epitopes (MTB300) (15). Responding cells detected by intracellular
expression of TNF (Fig. 1B). Both ID and gavage BCG induced Ag-specific responses in
the airways against PPD and MTB300 (Fig. 1C and D). However, ID vaccination induced
a significantly larger response in the airways than gavage as calculated by area under
the curve (AUC). In contrast, in the PBMCs, there was no statistical difference in the
CD4 T cell responses to PPD and MTB300 between the two vaccination routes, as calcu-
lated by area under the curve (AUC) (Fig. 1E and F). There was no difference in the size
of the response induced by the two doses of BCG. Not only were the responses to PPD
larger than MTB300, PPD-specific T cells were preferentially skewed toward the BAL
(i.e., PPD AUC/MTB300 AUC ratio in BAL . PBMC) (Fig. 1G). Nonetheless, both vaccina-
tion routes induce recruitment of CD4 T cells that are specific for Mtb into the airways,
but ID BCG induced significantly larger airway responses.

We next examined CD8 T cell responses after MTB300 peptide pool restimulation.
In the BAL, 2 of 4 ID vaccinated animals displayed detectable CD8 T cell responses at
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week 10 postinfection, while no MTB300-specific CD8 T cells were detected in the BAL
of gavage BCG vaccinated animals (Fig. S1A). While this is consistent with the larger
CD4 T cell responses following ID BCG compared to gavage BCG vaccination, the
MTB300 peptide pool was designed for CD4 T cells and inefficiently stimulates CD8 T
cells. Therefore, these data are likely an underrepresentation of the true Mtb-specific
CD8 T cell response. We also measured Mtb-specific antibody responses. In the BAL
fluid at week 10, 2 ID vaccinated animals showed low Mtb lysate-specific IgG
responses, but none of the gavage vaccinated animals mounted a detectable response
(Fig. S1B). This is consistent with previous results showing that Mtb-specific antibody
responses in the BAL are generally very low after BCG vaccination (4).

At necropsy, we also examined Ag-specific CD4 T cell responses in the lung tissue.
However, only 5 of the 48 total lung specimens had Ag-specific CD4 T cell responses
detectable above background after PPD restimulation. One of those samples was from
an ID vaccinated animal (DFWV: 0.54% IFNg1TNF1), and 4 samples were from gavage
vaccinated animals (DFWW: 0.36%, 1.14% and 0.07%, and 06Z: 0.09% IFNg1TNF1).
Thus, CD4 T cell responses were very low in the lung tissue compared to BAL following
both vaccination routes.

FIG 1 Intradermal BCG elicits greater mycobacteria-specific CD4 T cell responses in the airways compared to intragastric gavage BCG. (A) Four animals
were intradermally vaccinated with BCG, 2 at a higher dose and 2 at a lower dose, and 4 animals were vaccinated by intragastric gavage, 2 at a higher
dose and 2 at a lower dose. Animals were necropsied at 11 or 12 weeks postvaccination. (B) Example FACS plots of TNF and IFNg staining on CD4 T cells
from the BAL following in vitro stimulation with PPD or MTB300 MHC-II peptide megapool. (C) Graph showing percentage of BAL CD4 T cells that are TNF1

following in vitro PPD stimulation in each animal, and summary graph showing each animal’s area under the curve (AUC). (D) Graph showing percentage
of BAL CD4 T cells that are TNF1 following in vitro MTB300 stimulation in each animal, and summary graph showing each animal’s area under the curve
(AUC). (E) Graph showing percentage of CD4 T cells from PBMCs that are TNF1 following in vitro PPD stimulation in each animal, and summary graph
showing each animal’s area under the curve (AUC). (F) Graph showing percentage of CD4 T cells from PBMCs that are TNF1 following in vitro MTB300
stimulation in each animal, and summary graph showing each animal’s area under the curve (AUC). (G) Ratio of PPD to MTB300-specific CD4 T cells from
each animal in BAL and blood. **, P , 0.01.
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Vaccination route affects location of CD4 T cell priming. To confirm that vaccina-
tion route impacts the site of T cell priming, T cell responses were measured in axillary and
mesenteric lymph node biopsies obtained at weeks 2 and 4 postvaccination (Fig. 2A and B)
and at necropsy (Fig. 2 C and D). We only detected Ag-specific T cell responses in the axil-
lary LN biopsies after ID BCG, although the differences in the means of the responses did
not reach statistical significance. In contrast, responses in the mesenteric node biopsies
were higher after gavage compared to ID BCG (Fig. 2A and B). At necropsy, responses in
the axillary LNs were higher in the ID BCG animals, while responses in the mesenteric nodes
were now similar between the groups. (Fig. 2C, D).

To ask if the vaccination route impacted the duration of T cell clonal expansion, we
measured Ki67 expression by Ag-specific (TNF1IFNg1) CD4 T cells in the BAL (Fig. 2E).
Both vaccination routes show an initial burst of Ki671 Ag-specific T cells in the BAL
which dissipated by week 6 postvaccination with similar kinetics between the groups
(Fig. 2F). These results indicate that T cell priming occurs in the draining lymph nodes,
as expected. Moreover, the reduced T cell responses in the BAL of gavage BCG vacci-
nated animals is not associated with a reduced proliferative phase as measured by
Ki67.

Induction of gut-homing receptors on mycobacteria-specific Th1* cells after ga-
vage BCG vaccination. The magnitude of the Ag-specific T cell response in the airways was
lower after gavage vaccination, which could reflect an overall lower T cell response or reduced
ability to migrate into the lungs. We compared response in the BAL to PBMC by comparing
the BAL AUC/PBMC AUC for each route. For both PPD and MTB300-specific CD4 T cells, the
magnitude of responses in the BAL was much higher for ID versus gavage BCG, even after
normalizing to PBMC responses (Fig. 2A and B). Thus, the defect in the BAL responses induced
by gavage may be related to migratory ability of the T cells generated.

FIG 2 BCG vaccination route determines the site of Ag-specific T cell priming. (A) Example FACS plots of TNF and IFNg staining on CD4 T cells in
mesenteric lymph nodes at 4 weeks postvaccination. (B) Summary graphs showing the percentage of CD4 T cells that are TNF1IFNg1 from all axillary and
mesenteric lymph node biopsies between weeks 2 or 4 postvaccination. Full color symbols are PPD stimulation conditions and half-black symbols are
MTB300 stimulation conditions. (C) Example FACS plots of TNF and IFNg staining on CD4 T cells in mesenteric lymph nodes at necropsy. (D) Summary
graphs showing the percentage of CD4 T cells that are TNF1IFNg1 from all axillary and mesenteric lymph nodes collected at necropsy. Full color symbols
are PPD stimulation conditions and half-black symbols are MTB300 stimulation conditions. (E) Example FACS plots of TNF and IFNg staining on BAL CD4 T
cells following PPD stimulation and Ki67 staining on TNF1IFNg1 cells. (F) Summary graph of percentage of TNF1IFNg1 CD4 T cells in the BAL that are
Ki671 following PPD stimulation. Graph depicts mean value for each group and error bars show standard error of the mean (SEM). *, P , 0.05 and **,
P , 0.01.
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In humans and macaques, Mtb-specific CD4 T cells are primarily comprised of IFNg -pro-
ducing cells that express both Th1 and Th17 associated chemokine receptors, CXCR3 and
CCR6, referred to as Th1* cells (16–19). We next asked, therefore, if gavage BCG vaccination
induces Th1* cells (Fig. 3C). The majority of PPD and MTB300-specific IFNg -producing CD4
T cells induced by both vaccination routes were CXCR31CCR61 in BAL (Fig. 3D and E).
There was a slight, but significant, reduction of the PPD-specific Th1* cells in the gavage
route (Fig. 3D). However, this was due to a single data point that was identified as an out-
lier by Grubb’s test, and after removal of this data point, there no longer was a statistically
significant difference (P = 0.074). Overall, these data show that gavage BCG vaccination
induces the expected phenotype of CD4 T cells, and the lower magnitude response is not
associated with a lack of expression of these 2 major lung homing receptors. Given that
priming in intestinal lymph nodes can induce the expression of gut-homing receptors, we
also stained for the integrin a4b7 on Ag-specific Th1* cells. BCG vaccination induced much
higher frequencies of a4b7 expressing Ag-specific CXCR31CCR61 IFNg -producing CD4 T
cells in both the blood and BAL (Fig. 3F). Importantly, when comparing within each vacci-
nation route, there was consistently a higher percentage of a4b7

1 CD4 T cells in blood
compared to BAL (Fig. 3G and H). Thus, gavage BCG induces much higher frequencies of
a4b7 expressing Th1* cells, which localize to the airways much less efficiently than their
a4b7

2 counterparts.

DISCUSSION

Although the route of BCG vaccination was changed from oral to intradermal in
most countries after the Lübeck disaster in the early 1930s (20, 21), oral BCG was used
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FIG 3 Gavage BCG vaccination induces gut-homing receptors on Ag-specific Th1* cells. (A and B) Ratio of the AUC of BAL TNF1 CD4 T cells to blood TNF1

CD4 T cells, as shown in Fig. 1C to F, following in vitro restimulation with either PPD (A) or MTB300 (B). (C) Example FACS plots showing CCR6 and CXCR3
staining in BAL CD4 T cells from week 5 postvaccination. Bulk CD4 T cells are shown in black, and red overlay depicts TNF1IFNg1 CD4 T cells. (D and E)
Graphs showing percentage of BAL TNF1IFNg1 CD4 T cells that are CCR61CXCR31 from all time points postvaccination combined into 1 column, following
either PPD (D) or MTB300 (E) stimulation. (F) Example histogram of a4b7 staining on CCR61CXCR31 BAL and blood CD4 T cells from week 7 postinfection.
(G and H) Graphs showing percentage of TNF1IFNg1 CD4 T cells that are a4b7

1 following either PPD (G) or MTB300 (H) restimulation. Graphs show multiple
time points combined into a single column with a line drawn to identical time points in the second tissue. A paired t test was used for this comparison,
whereas an unpaired t test was used to compare identical tissues across vaccination groups. *, P , 0.05; **, P , 0.01; ***, P , 0.001; and ****, P , 0.0001.
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in Brazil until the mid 1970s. Its eventual discontinuation in Brazil resulted from evi-
dence of poor skin test conversion compared to ID vaccination (22), taken to mean
that it induced inferior immunity. Hoft et al. later showed in a clinical trial that previous
oral BCG vaccination inhibited the ability of subsequent ID BCG vaccination to induce
PPD skin test reactivity (23), despite the presence of IFNg -producing T cells in the
blood. Moreover, subsequent studies by Hoft et al. further demonstrated that oral BCG
vaccination, indeed, induces strong PPD-specific T cell and IgA responses in the bron-
choalveolar lavage (14, 24). Therefore, in humans, the lack of a PPD skin test reaction
after oral BCG vaccination indicates some form of oral tolerance to skin DTH responses,
rather than lack of Ag-specific IFNg -producing T cells. Similarly, we show here that vac-
cination by intragastric gavage of BCG results in a highly functional Ag-specific Th1*
response in the airways of rhesus macaques.

One key difference between our results and those observed in humans relates to the
relative magnitude of the Ag-specific T cell responses in the BAL and blood. In humans,
oral BCG vaccination induced higher frequencies of Ag-specific T cells in the airways com-
pared to ID vaccination. Here, we found the opposite: gavage vaccination in macaques
resulted in lower magnitude airway responses compared to ID vaccination. This difference
may be due to the way the bacteria were given. In the clinical trial, extremely high num-
bers of bacilli suspended in PBS were drank, potentially delivering some bacteria into the
lymph nodes draining the mouth and esophagus or perhaps even a small number of bac-
teria into the airways. In this study, we introduced the bacteria with a tube directly into the
stomach, bypassing the entire mucosal surface above. Thus, intragastric vaccination may
be less airway immunogenic than oral vaccination.

Our data highlight a possible explanation for the relatively reduced Ag-specific T cell
response in the airways following gavage BCG vaccination. CXCR31CCR61 Th1* cells were
generated after priming in either skin or gut-draining lymph nodes, indicating that gavage
vaccination was equally able to drive mycobacteria-specific T cells to this polarization state.
Moreover, we noted no difference on the cytokine producing function of T cells generated
after either route of vaccination. Thus, despite the potential impact of oral tolerance mecha-
nisms, gavage vaccination generated the expected type of effector cells with no apparent
defect in function. However, the Th1* cells generated after gavage vaccination co-expressed
a4b7, a gut-homing integrin that binds MADCAM1 on intestinal venules (25). Indeed, pri-
ming in gut-draining lymph nodes is known to induce a4b7 expression by responding
T cells (26–28). Thus, gavage BCG vaccination imprints a gut-homing phenotype onto Th1*
polarizing mycobacteria-specific CD4 T cells. When compared to their a4b7

2 counterparts,
a4b7

1 Ag-specific T cells are greatly underrepresented in the airways, indicating that these
cells are less able to enter the BAL. Therefore, it is possible that the induction of gut-homing
receptors on Ag-specific CD4 T cells limits the airway immunogenicity of orally delivered
BCG. We did not challenge the animals in this experiment to test protection, so it remains
unclear to what extent this represents a barrier to generating protective immunity against
pulmonary Mtb infection with this vaccination route.

Airway immunity generated by oral BCG vaccination might be improved by several
different approaches, including alternate formulations or by combining oral vaccination
with other vaccination routes. Our data suggest that, if oral BCG could be adjuvanted to
prevent the induction of gut-homing receptors, the population of Mtb-specific T cells
generated in the airways may be increased. Future studies are needed to explore the
mechanisms controlling the homing potential of T cells generated after different routes
of vaccination with BCG.

MATERIALS ANDMETHODS
Rhesus macaques. Four male and 4 female rhesus macaques (Macaca mulatta) were housed in an

AAALAC-approved Biosafety Level 2 animal vivarium in accordance with the Animal Welfare Act, the
Guide for the Care and Use of Laboratory Animals, and all other applicable laws and regulations. All ani-
mals were between 4 and 5 years old, and were confirmed PPD skin test negative prior to use. All proce-
dures, including anesthesia and euthanasia, were done in accordance with the AVMA Guidelines on
Euthanasia and approved under the animal study proposal LPD-25E.
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Anesthesia procedures. All procedures were performed with the animals anesthetized following an
overnight fast. For short procedures, such as blood draws, bronchioalveolar lavages, ETC, animals were
sedated with either ketamine (10 mg/kg, IM) or Telazol (3-6 mg/kg, IM). For procedures that required
longer anesthetic time, the animals were sedated with the sedatives previous mentioned, and then intu-
bated and started on an inhalant anesthetic, isoflurane (1 to 3%).

Vaccinations. BCG-Pasteur used in this study was provided by Aeras (Rockville, MD). For intradermal
vaccination, animals were anesthetized and 100 mL of diluted bacteria was instilled between the epider-
mis and dermis. Animals 06J and DFWV received 5.3 � 104 CFU (CFU while 0FA and DFZH received 7.9 �
105) CFU For gavage vaccination, animals were anesthetized, and a gavage tube was inserted through
the pharynx and into the stomach. A total of 15mls of 1M sodium bicarbonate was administered to neu-
tralize stomach acid. After 5 min, 10mls of diluted BCG were administered and the tube withdrawn.
Animals were monitored to ensure they did not regurgitate the inoculum. Animals 062 and DFOB
received 6.7 � 108cfu, while animals 06Z and DFWW received 3.8x109 CFU.

Lymph node biopsy collection. The right or left axillary region was palpated to identify the presence of
a lymph node. Surgical preparation of the area was performed, which included clipping the hair around the ax-
illary region and 3 alternating scrubs with chlorhexidine scrub and chlorhexidine solution. A #10 surgical blade
was used to incise the skin, and blunt dissection was performed to isolate the lymph node. The node was
excised and placed in transport media. The biopsy site was closed with absorbable suture material and bupiva-
caine was instilled at the site to reduce any pain or discomfort secondary to the procedures. Three axillary
lymph node biopsies were performed at 2 weeks, 4 weeks, and 12 weeks postinoculation with BCG.

The mesenteric lymph nodes were collected by laparoscopy. The animal was intubated and placed
in a surgical plane of anesthesia using isoflurane. The ventral abdomen is surgically prepared by clipping
the hair from the xyphoid to the pubis, and then 3 alternating surgical scrubs were performed using
Chlorhexidine scrub and Chlorhexidine solution. Two access ports were created in the ventral abdomen
to insert the laparoscopic camera and biopsy forceps. Once the mesenteric lymph node was identified,
the node is grasped with the forceps and exteriorized through the port. The vessels attached to the mes-
enteric lymph node was ligated, and the node was excised. After 2 mesenteric lymph nodes were col-
lected, the access ports were removed and the abdominal wall was closed in a 2-layer suture pattern
using absorbable suture material. Bupivacaine was instilled into the surgical site to alleviate any pain or
discomfort, and a long-acting buprenorphine (Buprenex SR 0.2 mg/kg) was given subcutaneously.
Mesenteric lymph nodes were collected at 2 weeks, 4 weeks, and 12 weeks post BCG inoculation.

BAL. Animals were provided 100% oxygen via a pediatric nasal cannula. Silicone tubing was advanced
into the trachea to the level of the bronchiole bifurcation. A total of 35-50 mLs of PBS was instilled in the
lungs at 15 mL increments. After each 15 mLs PBS instillation, aspiration was gently performed to collect fluid
from the lungs. Once the fluid had been recovered, the silicone tubing was removed, and the animal was
monitored until full recovery. BAL samples were collected weekly during the 12-week study.

Cell isolations and stimulations. Blood was collected in EDTA tubes, and peripheral blood mononu-
clear cells (PBMCs) were isolated using 90% ficoll-paque density centrifugation (GE Life Sciences). BAL sam-
ples were collected as stated above and samples were passed through a 100 mm cell strainer, and counted
for analysis. Lymph nodes were dissociated using an OctoMacs cell dissociator (Miltenyi Biotech). Cells were
stimulated for 6 h at 37°C in X-Vivo 15 media supplemented with 10% fetal calf serum (FCS) in either media
alone, media with PPD (50 mg/mL), or media with the MTB300 MHC-II peptide megapool (2 mg/mL), all in
the presence of brefeldin A and monensin (eBioscience).

Flow cytometry. Cells were stained with fluorochrome-labeled monoclonal antibodies, following
stimulation, with the exception of chemokine receptors which were added during stimulation. Surface
antigens were stained in PBS 1 1% FCS 1 0.1% sodium azide for 20 min at 4°C, followed by live/dead
staining with a fixable viability dye. Cells were then fixed/permeabilized with the Foxp3 Transcription
Factor Staining Buffer Kit (eBioscience), and then stained for intracellular antigens for 30 min at 4°C.
Samples were acquired on an LSRFortessa (BD Biosciences), and data were analyzed using FlowJo 9 and
10. Lymphocytes were gated on by excluding dead cells and doublets, and were CD31.

Antibody enzyme-linked immunosorbent assay. Half-well 96-well plates were coated with M. tu-
berculosis H37Rv lysate at 10 mg/mL for 1 h at 37°C. Plates were washed five times with PBS with 0.05%
Tween 20 (PBSt), and blocked with 3% nonfat milk overnight at 4°C. Plates were washed with PBSt five
times. BAL fluid was diluted in 1% milk in 2-fold serial dilutions and added to the plates, and incubated
for 1 h at 37°C. Following incubation, plates were washed five times in PBSt and secondary antibody
(Goat anti-monkey IgG-HRP [H&L] from Novus Biologicals) was diluted in 1% milk and added at 0.33 mg/
mL, and incubated for 1 h at 37°C. Following incubation, plates were washed 5 times with PBSt, and
One-step Ultra TMB enzyme-linked immunosorbent assay (ELISA) substrate Solution (Thermo scientific)
was added for development and the reaction was stopped with 0.5N sulfuric acid. OD was then meas-
ured at 450 nm and analyzed using GraphPad Prism.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, PDF file, 0.4 MB.
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