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Lactation-Based Maternal Educational Immunity Crosses
MHC Class I Barriers and Can Impart Th1 Immunity to
Th2-Biased Recipients

Mrinal K. Ghosh,* H. Konrad Muller,† and Ameae M. Walker*

We have previously demonstrated lactational transfer of T cell–based immunity from dam to foster pup. In the short term, a

significant part of transferred immunity is passive cellular immunity. However, as time progresses, this is replaced by what we

have described as maternal educational immunity such that by young adulthood, all immune cells responding to a foster dam

immunogen are the product of the foster pup’s thymus. To reduce confounding factors, this original demonstration used congenic/

syngeneic dam and foster pup pairs. In this study, we investigated lactational transfer of immunity to Mycobacterium tuberculosis

in MHC class I–mismatched animals, as well as from Th1-biased dams to Th2-biased foster pups. Using immunized C57BL/6J

dams, lactational transfer to nonimmunized BALB/cJ foster pups resulted in much greater immunity than direct immunization in

5-wk-old pups (ex vivo assay of pup splenocytes). At this age, 82% of immunogen-responding cells in the pup spleen were

produced through maternal educational immunity. FVB/NJ nonimmunized foster recipients had a greater number of maternal

cells in the spleen and thymus but a much larger percentage was Foxp3+, resulting in equivalent immunity to direct immunization.

Depletion of maternal Foxp3+ cells from pup splenocytes illustrated a substantial role for lactationally transferred dam regulatory

T cells in suppression of the ex vivo response in FVB/NJ, but not BALB/cJ, recipients. We conclude that lactational transfer of

immunity can cross MHC class I barriers and that Th1 immunity can be imparted to Th2-biased offspring; in some instances, it

can be greater than that achieved by direct immunization. The Journal of Immunology, 2017, 199: 1729–1736.

A
neffective Th1 immune response is essential for vaccine-
induced protection against infection with virulent myco-
bacteria (1). Protection involves a late adaptive cell-

mediated immunity, with T lymphocytes being the main effector
cells. Genes within the MHC influence immune responses to
Mycobacterium tuberculosis (2–7), with the H-2 locus triggering
significant differences in the production of IFN-g after stimula-
tion with mycobacterial Ags (5). Therefore, genetic backgrounds,
which encompass differences in the H-2 locus and other regions,
influence Th phenotype development in mice (8). Some mouse
strains (e.g., B10.D2) are known to favor Th1 and the production
of IFN-g, whereas other strains, such as BALB/cJ and related
strains (8–11), favor the development of Th2 T cell responses.
Th1-biased immune responses are characteristic of the widely
used C57BL/6J (H-2Kb) strain (12–14). Accordingly, C57BL/6J
mice are resistant to intracellular pathogens like Leishmania
major, Yersinia enterocolitica, and Chlamydia trachomatis, whereas

BALB/cJ (H-2Kd) mice, which have a Th2-biased phenotype, are
susceptible (15–18). The dichotomy in the responses of these two
mouse strains has been linked to the relative functional balance
between Th cell populations. Infection with Leishmania, for ex-
ample, triggers a strong Th2 response in susceptible BALB/cJ
mice, which is characterized by increased production of IL-4
and IL-10, whereas resistant C57BL/6J mice preferentially acti-
vate Th1 cells, producing IFN-g and IL-12 (15, 17). Similarly,
C57BL/6J mice exhibit an enhanced protective immunity to i.v.
rechallenge with Mycobacterium bovis bacillus Calmette–Guérin
(BCG) compared with BALB/cJ mice (19). The lack of a strong
protective response in BALB/cJ mice has been associated with a
reduced ability to express the Th1 cytokine, IL-12, and subsequent
lower levels of IFN-g (20). Thus, treatment of BALB/cJ mice with
rIL-12 boosts host defense against i.v. M. tuberculosis infection
(21). After systemic or pulmonary BCG infection, a significantly
lower Th1 response in BALB/cJ mice was also evident compared
with C57BL/6J mice (19, 21, 22). In some reports, FVB/NJ
(H-2Kq) mice have been described as even more Th2-biased than
BALB/cJ mice (23), although the immunology of FVB/NJ mice
has been relatively poorly investigated.
In a previous study, we demonstrated an important new form of

maternally imparted immunity acquired by suckling an immunized
dam (24). To create this immunity, Th APCs, produced in the dam
in response to immunization with BCG or Candida albicans prior
to pregnancy, travel into milk, are taken up by the pup, and ac-
cumulate in the pup thymus. Once in the thymus of a pup that has
not previously seen BCG or C. albicans, the Th APCs dictate the
production of pup CD8+ cells specific for these immunogens. We
dubbed this process maternal educational immunity to distinguish
it from passive cellular immunity, which also occurs. This first
demonstration of maternal educational immunity used C57BL/6J
mice that are Th1 biased and mount robust responses to these
immunogens. The study was also conducted using foster nursing
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by syngeneic or congenic mice. In the current study we asked two
important questions: does maternal educational immunity occur if
dam and foster pup are MHC mismatched, and can Th1 immunity
transferred by suckling from an immunized C57BL/6J dam im-
prove Th1 responses in Th2-biased pups (nonimmunized foster
BALB/cJ and FVB/NJ)? We demonstrate that maternal educa-
tional immunity occurs in MHC-mismatched situations, that Th2-
biased foster pups can acquire Th1 immunity through suckling,
and that suckling-acquired immunity by the foster pups can result
in better Th1 responses than direct immunization.

Materials and Methods
Mice

C57BL/6J, BALB/cJ, FVB/NJ, and B6.Cg-Foxp3tm2Tch/J (hereafter called
B6.Foxp3EGFP) mice were purchased from The Jackson Laboratory (Bar
Harbor, ME). B6.Foxp3EGFP mice express EGFP when the promoter for
the regulatory T cell–specific transcription factor Foxp3 is activated. Ex-
pression of EGFP is restricted to the T cell lineage. Animals were housed
in cages with controlled temperature and humidity and alternating 12-h
light and dark cycles. The facilities were specific pathogen free, as ap-
proved by the Association for the Assessment and Accreditation of Lab-
oratory Animal Care International. Animal use was approved by the
University of California, Riverside Institutional Animal Care and Use
Committee.

Fostering of pups

Micewere timed mated, and FVB/NJ and BALB/cJ (Th2) pups were fostered
by C57BL/6J or B6.Foxp3EGFP (Th1) dams. The snouts of the nursing
dams were brushed with vanilla extract at the time of pup exchange to
prevent pup rejection. Spleens and thymi from fostered pups were col-
lected at weaning (3 wk) and at 5 and 12–16 wk to assess maternal cell
content and, in the case of the spleen, Ag responsiveness of splenocytes.

Immunization

Adult female mice were immunized by i.p. injection of heat-killed
M. tuberculosis H37 Ra (BCG; BD Diagnostic Systems, Franklin Lakes,
NJ) (150 mg in 200 ml of Dulbecco’s PBS). After 7 d, mice were chal-
lenged in the footpad with 50 ml (2.5 TU) of tuberculin purified protein
derivative (PPD; Sanofi Pasteur, Toronto, ON, Canada). These challenged
mice, along with control-injected groups, were mated 7 d later. Timed
matings allowed for coordinated cross-fostering of immunized dams with
nonimmunized pups, such that days of lactation were equivalent to pup
age. Pup litter sizes were normalized to 6 1, and multiple litters were used
in experiments. All samples were analyzed separately, and the sex of the
donor was recorded at the time of sampling. After determining that sex did
not affect a particular parameter, results from various litters were com-
bined, creating an average male/female ratio of 1.

In separate experiments testing the result of direct immunization of 5-wk-
old Th2-biased pups, the same immunization and challenge routes and doses
were used.

Flow cytometry

All reagents and Abs were purchased from eBioscience (San Diego, CA)
or BD Biosciences (San Jose, CA) unless otherwise indicated: anti-CD4
(RM4-5), anti-CD8 (53-6.7), anti–H-2Kb, anti–H-2Kd, anti–IFN-g (XMG1.2),
anti–IL-2 (JES6-5H4), anti-Foxp3 (FJK-16S), and mouse IgG2a and rat
IgG2b isotype controls. H-2Kq Ab and mouse IgG2a isotype control were
purchased from BioLegend (San Diego, CA). Fc receptors were blocked
using purified rat anti-mouse CD16/CD32 Ab (2.4G2; 0.5 mg/100 ml). Flow
cytometry acquired viable cells, which were further gated on the basis of
forward versus side scatter and analyzed after staining with conjugated Abs.
For conjugated Abs, fluorochrome conjugates were used to stain BD
CompBeads to set the equipment for compensation controls along with
nonstained cell controls. In each Ab analysis, appropriate isotype controls
were used to define gate settings. The gating sequence in each case is given
in the figure legends. When staining with tetramers, the control tetramer was
CLIP 87–101 (PVSKMRMATPLLMQA), and the specific M. tuberculosis
tetramer was Ag 85B 280–294 (FQDAYNAAGGHNAVF) (25, 26). Stained
cells were fixed in 2% paraformaldehyde, acquired using a FACSAria (BD
Biosciences), and analyzed with FlowJo Software, version 9 (TreeStar,
Ashland, OR). No data were excluded from analysis.

Flow sorting was used to remove all maternal cells (H-2Kb+) or only
Foxp3+ maternal cells derived from the B6.Foxp3EGFP dams. Discrimination

was on the basis of Ab staining for H-2Kb or GFP positivity, as appropriate.
The H-2Kb gating strategy used isotype controls. The GFP gating strategy
used nonstained wild-type C57BL/6J splenocytes as a negative control and
BDCompBead staining with FITC and staining of wild-type splenocytes
with FITC-conjugated anti-CD4 or anti-CD8 Abs as positive controls.

Splenocyte stimulation

Freshly isolated (within 1 h) splenocytes with .95% viability were in-
cubated at 1 3 106 cells per milliliter in RPMI 1640 supplemented with
10% FBS (Life Technologies, Grand Island, NY) in the presence of pu-
rified anti-CD28 Ab (37.51; 1 mg/ml; BD Biosciences) in the presence or
absence of PPD Ag (0.25 TU/ml). After 1 h, BD GolgiStop was added
(final concentration of 2 mM) for an additional 16–18 h before harvesting.
Cells were stained for surface Ags, fixed and permeabilized (BD Biosci-
ences), and stained for intracellular molecules. For this functional assay,
a response was considered positive when it was at least twice that of
the background negative value and $0.05%. Anti-CD3 Abs were used as
pan-positive controls. No data were excluded from analysis.

Milk cells

Neonate stomach milk whey clots were collected and passed through a 70-
mm cell strainer into warm RPMI 1640 medium containing 10% FBS.
After washing in more warm medium, cell aliquots were stimulated with
PPD and/or stained with tetramers, as above for splenocytes.

Statistical analyses

Statistical significance was determined using the Student t test, with
Bonferroni corrections, where appropriate. Data are expressed as mean 6
SD, and a p value ,0.05 was considered statistically significant. In all
figures *p , 0.05, **p , 0.01, ***p , 0.001, ****p , 0.0001, *****p ,
0.00001, and ******p , 0.000001.

Results
C57BL/6J (Th1 and H-2Kb) dam cells are lactationally
transferred to the spleens and thymi of BALB/cJ (Th2 and
H-2Kd) and FVB/NJ (Th2 and H-2Kq) foster recipients

To determine whether maternal educational immunity to M. tu-
berculosis could be initiated by lactational transfer from Th1
dams to Th2 pups, age matched cross-fosterings were established.
Prepregnancy immunized C57BL/6J dams (H-2Kb) foster nursed
nonimmunized BALB/cJ (H-2Kd) or FVB/NJ (H-2Kq) pups.
Maternal (H-2Kb) CD4+ and CD8+ cells were found in the spleens
and thymi of 3-wk-old weanling BALB/cJ (H-2Kd) and FVB/NJ
(H-2Kq) foster pups (Fig. 1A). Transfer of maternal CD4+ cells to
the spleens of both sets of pups was similar, with dam cells
constituting ∼0.2% of total CD4+ cells at 3 wk of age. In contrast,
the percentage of maternal CD8+ cells in the spleen was higher
(3-fold) in FVB/NJ mice. In the thymus, maternal CD4+ cells (3-fold)
and CD8+ cells (25-fold) constituted a higher percentage of total
CD4+ or CD8+ cells in FVB/NJ mice compared with BALB/cJ
weanling pups.
When analyzed as an actual number, as opposed to a percentage,

dam-derived CD4+ cells were significantly higher in the spleen
(2-fold) and thymus (7-fold) of FVB/NJ foster pups compared with
BALB/cJ pups. Although the numbers of maternal CD8+ cells
were similar in the spleens of both sets of foster pups, there were
many more maternal CD8+ cells in the thymi of FVB/NJ weanling
pups (16-fold) compared with BALB/cJ pups (Fig. 1B). As is made
evident by comparing the percentage data in Fig. 1A and the num-
ber data in Fig. 1B, there were fewer total (i.e., maternal plus pup)
CD8+ cells in the spleens and thymi of 3-wk-old FVB/NJ mice (4.56
1 3 106 FVB/NJ versus 8.4 6 0.9 3 106 BALB/cJ in spleens, 1.7 6
0.3 3 106 FVB/NJ versus 3.7 6 0.6 3 106 BALB/cJ in thymi),
whereas the differences for total CD4+ cells in the spleen were not
as large (14.9 6 5 3 106 FVB/NJ versus 21 6 2 3 106 BALB/cJ).
Thus, maternal cells transfer across MHC barriers in significant

numbers, and manymore from equivalent dams transfer, survive, or
proliferate in FVB/NJ pups.
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Lactational transfer of immunity from Th1 dam to Th2 pups

To place lactationally transferred immunity in context, we first
assessed the inherent ability of the two strains of Th2-biased ani-
mals to respond to direct M. tuberculosis vaccination and challenge
at 5 wk of age. When 5-wk-old FVB/NJ mice were immunized with
M. tuberculosis and challenged, and an ex vivo assay measuring
IFN-g production by CD8+ splenocytes in response to PPD was
conducted 1 wk after the challenge, a significant (4.5-fold control)
response was observed (Fig. 2A, bar 2). On a percentage basis, the
response was about twice the magnitude in BALB/cJ mice (Fig. 2B,
bar 2). Thus, even among Th2-predisposed 5-wk-old mice, there
was a measurable Th1 response, and the magnitude of the M. tu-
berculosis–induced immunity differed between strains. Given that
there were also more CD8+ cells in BALB/cJ pup spleens, the
number of responding cells was .2-fold higher than the number in
FVB/NJ mice (i.e., the BALB/cJ strain exhibited a substantially
higher degree of immune responsiveness compared with FVB/NJ
mice). In general, these responses were greater than anticipated in
Th2-biased animals. The percentage of responding cells was within
the normal range for a specific immunogen (27).
When C57BL/6J dams were immunized against M. tuberculosis

and challenged 1 wk prior to pregnancy, and cells from the spleens
of nonimmunized FVB/NJ foster pups were examined ex vivo at
5 wk of age, immunity to M. tuberculosis was transferred, as
evidenced by the production of IFN-g by CD8+ cells in response
to PPD (Fig. 2A, bar 3). Moreover, the percentage of total responding
CD8+ cells was the same as for direct immunization. In contrast,
the response in nonimmunized BALB/cJ foster recipients was
much greater than that produced by direct immunization on the
basis of the percentage of responding CD8+ cells (Fig. 2B, com-
pare bar 3 with bar 2).
These results show there is a greater lactational transfer of im-

munity to BALB/cJ pups, which also had a greater ability to in-
herently respond to direct immunization.

We have previously demonstrated that PPD-specific immunity
in nonimmunized foster pups nursed by M. tuberculosis immu-
nized dams was primarily (.90%) derived from maternal edu-
cational immunity (i.e., the responding CD8+ T cells were of pup
and not dam origin) at 5 wk of age (24). In that study, we also
hypothesized that some Th APCs from the dam in the spleen of
the foster pup continued to be a source of Ag presentation at this
time point, thereby activating naive CD8+ pup cells. To deter-
mine the dependency of the ex vivo PPD-specific CD8 responses
by Th2-biased foster pup splenocytes on cells of maternal origin,
we sorted out C57BL/6J dam (H-2Kb) cells from 5-wk-old
nonimmunized recipient splenocytes before ex vivo PPD stim-
ulation. In FVB/NJ pups, there was no significant difference in
the percentage of IFN-g–secreting CD8+ T cells between un-
sorted and sorted (devoid of maternal H-2Kb cells) splenocytes
(Fig. 2A, right panel). However, in BALB/cJ recipients, sorting
out dam cells significantly reduced the percentage of CD8+IFN-
g+ cells (Fig. 2B, right panel). Results from FVB/NJ mice in-
dicate that there was no longer a significant number of dam
cells directly contributing to the PPD response at 5 wk or that
removal of maternal Th APCs and/or directly responsive CD8+

cells and maternal regulatory T cells (Tregs) governing the re-
sponse created about equivalent overall responses. In contrast, in
the BALB/cJ recipients at 5 wk of age, the results indicate a
significant need for maternal cells (either Th APCs or directly
responsive CD8+ cells) to produce a large part of the CD8+ IFN-
g response. The level of response remaining in BALB/cJ recip-
ients was produced by Ag-specific pup cells created as a result of
maternal educational immunity that have already been activated.
To be sure that the remaining response was not due to poor
sorting, flow-sorted cells were analyzed and shown to be .99%
negative for the maternal marker, H-2Kb. Using foster-nursed
BALB/cJ recipients matured to 12–16 wk, we examined the re-
sponse to PPD and then analyzed the H-2K profile of the
responding cells (Fig. 2B, right panel). All responding cells were
pup derived and only H-2Kd+ and, therefore, were the product of
maternal educational immunity.

Lactational transfer of maternal Foxp3+ (Treg) cells

To determine which of the explanations for the lack of effect of
removal of maternal cells from the FVB/NJ recipients was
correct, we compared maternal Foxp3+ CD4+ and CD8+ cells in
BALB/cJ and FVB/NJ pups in terms of the percentage of total
CD4+ and CD8+ cells (Fig. 3A), as well as absolute number
(Fig. 3B). CD4+ and CD8+ Foxp3+ subsets were significantly
higher in number in the spleens and thymi of FVB/NJ recipients.
Given that the dams were equivalent, this result indicates a
greater uptake, survival, or proliferation of maternal Tregs in
FVB/NJ pups. Although there was a greater number of all ma-
ternal cells in FVB/NJ recipients, the differences in Tregs were
even greater.

Ag-specific Tregs are present in milk of immunized dams

To demonstrate the presence of Ag-specific Tregs in milk from the
immunized dams, we performed the ex vivo assay on milk cells
from the whey clot in pup stomachs. Of the milk CD4+ cells, 15.26
11.4% were also Foxp3+; of those, ∼50% responded to PPD by
producing IL-10 (Fig. 4A). Of the milk CD8+ cells, 4.1 6 5.1%
were Foxp3+; of those, ∼68% responded to PPD by producing
IL-10 (Fig. 4B). Thus, a very high proportion of Foxp3+ cells was
specific to the prepregnancy multiepitope immunogen.
PPD is a mixture of multiple Ags. To further analyze the Ag spec-

ificity of milk Tregs, we used a specific tetramer, I-A(b) M. tuber-
culosis Ag85b 280–294 (amino acids FQDAYNAAGGHNAVF).

FIGURE 1. C57BL/6J dam cells are lactationally transferred to the

spleens and thymi of BALB/cJ and FVB/NJ foster recipients. C57BL/6J

(H-2Kb) dams were used as foster dams for BALB/cJ (H-2Kd) (n = 5) and

FVB/NJ (H-2Kq) (n = 6) pups from equivalently timed matings on two

occasions. Lymphoid cell populations were first gated on the basis of

forward versus side scatter from all flow acquired splenocytes and/or

thymocytes. Subsequent gating was for CD4+ cells and/or CD8+ single-

positive cells, followed by gating for maternal MHC (H-2Kb). Results are

presented as percentages of total CD4+ or CD8+ single-positive cells (A)

and numbers per organ (B). Data are expressed as mean 6 SD. *p , 0.05,

**p , 0.01, ***p , 0.001, ****p , 0.0001, ******p , 0.000001.
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About 3% of CD4+Foxp3+ cells in the milk sample were positive
for that particular tetramer (Fig. 5). The actual number of maternal
cells in any given milk sample is low, but, as illustrated in a previous
publication, maternal cells accumulate in foster pup lymphoid
tissues (24) so as to produce the kinds of numbers shown in Fig. 1.
The Ag specificity of milk Tregs produced by immunized dams

supports the interpretation that they play a role in shaping nursing-
mediated immunity in foster recipients.

Removal of dam Tregs from splenocytes of foster pups

To demonstrate the role of dam Tregs in transferred immunity in
nonimmunized foster pups, we used C57/BL6 dams that express

FIGURE 2. Lactational transfer of immunity from Th1 dam to Th2 pups. FVB/NJ (A) or BALB/cJ (B) pups were directly immunized and then chal-

lenged, or nonimmunized pups were foster nursed by C57BL/6J dams immunized and then challenged 4 wk before the onset of lactation. Splenocytes were

exposed to PPD for 16–18 h and then analyzed by flow cytometry, gating first on lymphoid cells, then CD8+ cells, and then CD8+ cells also positive for IFN-g.

The resulting percentages of Ag-responsive CD8+ splenocytes are shown: no PPD negative control (bar 1) (n = 30 for FVB/NJ from six litters, n = 15 for

BALB/cJ from three litters); directly immunized pups (bar 2) (n = 8 for FVB/NJ, n = 10 for BALB/cJ from two litters each); nonimmunized and fostered by

immunized dam (bar 3) (n = 22 for FVB/NJ from four litters, n = 7 for BALB/cJ from two litters); and nonimmunized and fostered by immunized dam with

all dam cells removed (bar 4 and right panel) (n = 12 for FVB/NJ from two litters, n = 6 for BALB/cJ from two litters). Pup splenocytes were analyzed at

5 wk and 12–16 wk [right panels, (B)] wk of age. All analyses were done by flow cytometry. All results are presented as mean6 SD. *p , 0.05, **p , 0.01,

***p , 0.001, ****p , 0.0001, *****p , 0.00001, ******p , 0.000001.

FIGURE 3. Lactational transfer of maternal Tregs to

the spleen and thymi of foster pups. C57BL/6J dams

were used as foster dams for BALB/cJ (n = 5) and

FVB/NJ (n = 6) pups from equivalently timed matings

on two occasions. Tissues were analyzed in 3-wk-old

weanlings. Cells were characterized as lymphoid, then

as CD4+ or CD8+, then as of maternal origin (H-2Kb

positivity), and then as Foxp3+ by Ab staining using

flow cytometry. Data are shown as the percentages of

CD4+ or CD8+ cells also positive for maternal MHC

and Foxp3 (A) and as numbers per organ (B). All re-

sults are presented as mean 6 SD. *p , 0.05, **p ,
0.01, ***p , 0.001.
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EGFP under the control of the Foxp3 promoter (28). As for the
previous experiments, the dams were immunized and then chal-
lenged, with the challenge occurring 1 wk prior to mating. After
pup delivery, they were used as foster dams to nurse BALB/cJ or
FVB/NJ nonimmunized pups.
When flow-sorted FVB/NJ pup splenocytes that were devoid of

EGFP+ dam-derived Tregs were used in the ex vivo assay, PPD-
specific responses were significantly higher than those of unsorted
splenocytes (Fig. 6A, compare bars 2 and 3). This finding confirms
a direct role for dam Tregs in shaping lactationally transferred Ag-
specific immunity in FVB/NJ mice and is consistent with the
observed higher proportion of maternal Tregs in those mice after
foster nursing.
In contrast, in BALB/cJ mice, there was no significant difference

in PPD-specific responses between unsorted and dam Treg–devoid
splenocytes, suggesting a much reduced role for dam Tregs in
these recipients (Fig. 6B, compare bars 2 and 3), consistent with
the lower number of dam Tregs detected in the spleen and thymus
of foster BALB/cJ mice.
Now that the differential maternal Treg activity was eliminated

from the pup splenocyte response in the two recipient nonimmu-
nized foster strains, we could ask what percentage of the responding
CD8+ cells were of maternal versus pup origin (i.e., how much of
the response in these two strains was passive cellular immunity
versus maternal educational immunity). Bar 4 in Fig. 6A and 6B
shows the percentage of responding cells that were pup derived
(based on H-2Kd+ or H-2Kq+) versus maternally derived (H-2Kb+):
93% in FVB/NJ mice and 82% in BALB/cJ mice were pup de-
rived. Thus, the vast majority of immunity at 5 wk was derived
from maternal educational immunity, as it was in the syngeneic/
congenic situation (24). Also, like the syngeneic/congenic situ-
ation, 100% of immunity was pup derived at 12–16 wk (Fig. 2B,
right panel).

Discussion
In a previous study, we examined the lactational transfer of C57BL/
6J maternal T cells into syngeneic and congenic C57BL/6J foster

recipients (24). Survival of maternal cells in the foster recipients
under these circumstances was not surprising. What was surpris-
ing in the previous study was the demonstration of a new phe-
nomenon in which maternal Th APCs from milk initiated thymic
production of pup CD8+ T cells specific to a foster dam immu-
nogen, a process that we dubbed maternal educational immunity.
In the short term, there was also passive cellular immunity
transferred from dam to suckling pup whereby maternal CD8+

cells present in the foster pup spleen directly responded to Ag.
However, as suckling and postweaning development progressed,
the pups developed their own CD8+ T cells that responded to
immunogens against which the foster dams had been vaccinated.
At 5 wk of age in the syngeneic/congenic situation, .90% of the
responding cells in the pup spleen were of pup origin; by 12 wk,
100% were of pup origin.
In this study, we have asked whether passive cellular immunity

or maternal educational immunity occurs in MHC mismatched
fosterings and, further, whether maternal educational immunity
can transfer immune information about M. tuberculosis from a

FIGURE 4. PPD-specific IL-10–producing Tregs in

milk of M. tuberculosis–immunized C57BL/6 dams.

Twelve-day-old pups (n = 7) nursed by M. tuberculosis–

immunized and then challenged dams were used as do-

nors of whey clots from their stomachs. Cells from the

whey clots were exposed ex vivo to PPD for 16–18 h, and

the functionality of CD4+Foxp3+ (A) and CD8+Foxp3+

(B) Tregs was judged by their ability to produce IL-10.

Lymphoid cells were first gated for CD4+ or CD8+, then

for Foxp3+, and then for IL-10+. Example of CD4+

Foxp3+ cells (C), and from those, the percentage pro-

ducing IL-10 in the absence (D) or presence (E) of PPD

stimulation. Data in the bar graphs are presented as a

percentage of CD4+ or CD8+ and Foxp3+ cells also

positive for IL-10. Data are expressed as mean 6 SD.

*p , 0.05, ****p , 0.0001.

FIGURE 5. M. tuberculosis Ag85B FF15 tetramer+ Tregs can be de-

tected in milk from C57BL/6 dams. Dot plot (A) and data plot (B) (n = 6)

showing FF15-specific (SP) tetramer+CD4+Foxp3+ Tregs in stomach milk

samples from midlactation neonates nursed by an M. tuberculosis–im-

munized and then challenged dam. Irrelevant tetramer PA15 (NS) was used

as a negative control. Gating was first for lymphoid cells, then for CD4+,

then for Foxp3+, and then for tetramer+. (B) Data are the percentage of

CD4+Foxp3+ cells also positive for the specific tetramer. All results are

presented as mean 6 SD. *p , 0.05.
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Th1-biased dam to two different Th2-biased recipients. In other
words, could lactational transfer be used to impart or improve
immunity to this pathogen?
Because, in the syngeneic/congenic study, maternal cells were

entering the same immune environment, we could follow the pro-
duction of maternal educational immunity by simply examining the
responding cells for the dam and pup markers (e.g., CD45.1 or
CD45.2). However, in the current study, the situation was more
complex because of the different immune environments into which
the dam cells were passing and what effect these environments might
have on the number of maternal Th APCs, maternal effector cells,
and maternal Tregs that were present. BALB/cJ mice are considered
archetypal Th2-biased mice (29). The immunology of FVB/NJ mice
is far less studied, although they are considered Th2 biased (30).
FVB/NJ mice are susceptible to mycobacterial infection (31) but
are also clearly immunologically distinct in many ways from
BALB/cJ mice (23). Therefore, lactational transfer of passive cel-
lular immunity and Th1-based maternal educational immunity from
a C57BL/6J dam to BALB/cJ and FVB/NJ foster pups has different
challenges from the syngeneic/congenic pairings.
In BALB/cJ mice, direct immunization and challenge of 5-wk-

old pups that had not previously been exposed to the immunogen in
any way produced a positive, if not large, ex vivo assay response.
However, if splenocytes from nonimmunized pups suckled by an
immunized dam were compared, the response was markedly in-
creased (i.e., lactational transfer from a Th1-biased dam was a
much more efficient method of producing immunity in a 5-wk-old
pup, at least under the conditions used). In the experiment in which
we removed maternal Foxp3+ cells and no other maternal cells, we
could accurately assess what proportion of responding CD8+ cells
were of pup versus maternal origin, and 82% were of pup origin.
However, although removal of maternal Foxp3+ cells had no
significant effect on the ex vivo response in this strain, removal of
all maternal cells produced a dramatic reduction. What this tells
us is that, at 5 wk of age, maternal Th APCs are still crucial to

effective immunity in BALB/cJ recipients through their activation
of naive pup CD8+ cells. Nevertheless, even at this age, there were
some responding pup cells (18%) that did not require the con-
tinued presence of maternal cells, indicating that some pup CD8+

cells, arising from maternal educational immunity, had passed
beyond the naive state and were already activated. Furthermore,
by 12 wk of age, all responding cells were of pup origin. We
presume that maternal cells are eliminated once the pup immune
system matures, by which time maternal educational immunity
has already taken place.
In FVB/NJ mice, direct immunization produced a response

that was about half the magnitude of that in BALB/cJ mice, as
judged by the percentage of responding CD8+ cells in the spleen.
When splenocytes from nonimmunized pups suckled by an im-
munized dam were compared, there was no difference in the level
of immunity produced, and this did not change after removal of all
dam-derived cells. This result could have been caused by all
responding cells in the pup spleen having been produced by
maternal educational immunity or by the coremoval of maternal
Tregs with maternal Th APCs and effector cells, thereby can-
celing out the difference. When only maternal Foxp3+ cells were
removed from the fostered situation, the response doubled, indi-
cating suppression of the ex vivo response by maternal Tregs in
FVB/NJ recipients. The further demonstration that milk contained
Ag-specific Foxp3+ cells strengthens this conclusion. With the
maternal Tregs removed, it could be demonstrated that 92% of the
responding CD8+ cells in the ex vivo assay were of pup origin in
this strain. Thus, once again there is evidence for maternal edu-
cational immunity.
Based on comparisons at 5 and 12 wk of age, the time frame for

development of maternal educational immunity seems similar in
the current MHC class I–mismatched fosterings to that seen pre-
viously in the congenic fosterings (24).
Given that the dams were C57BL/6 for both of the current

fosterings and, therefore, that the milk was the same, the results

FIGURE 6. Removal of dam Tregs from splenocytes of foster pups enhanced lactationally transferred immunity in FVB/NJ mice. FVB/NJ (A) or BALB/cJ

(B) pups were foster nursed by B6.Foxp3EGFP dams exposed toM. tuberculosis and challenged with PPD 4 wk before the onset of lactation. At 5 wk of age,

pup splenocytes were exposed to PPD for 16–18 h, and the percentage of responsive CD8+ splenocytes was determined. All are nonimmunized pups

fostered by immunized dam: no PPD negative control (bar 1) (n = 8 for FVB/NJ; n = 11 for BALB/cJ from two litters each); with PPD (bar 2) (n = 7 for

FVB/NJ, n = 6 for BALB/cJ from two litters each); with dam Tregs removed by flow sorting (bar 3) (n = 7 for FVB/NJ, n = 6 for BALB/cJ on two

occasions). After the removal of dam Tregs, Abs to H-2Kb, H-2Kd, and H-2Kq were used to determine whether the responding cell was of dam or pup origin

(right panel, n = 3 for FVB/NJ from one litter and n = 6 for BALB/cJ from two litters). The ∼90% illustrated are those positively identified as pup derived

on the basis of positive staining for H-2Kd or H-2Kq and negative for dam H-2Kb, using isotype controls for gating (right panel). All analyses were done

using flow cytometry. All results are presented as mean 6 SD. *p , 0.05, **p , 0.01, ***p , 0.001, ****p , 0.0001.
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show that Ag-specific Tregs present in maternal milk have very
different biologies in the recipient strains; there were no CD8+

Foxp3+ cells and many fewer CD4+Foxp3+ cells in the spleens or
thymi of BALB/cJ mice. At this point, we can only speculate as to
the underlying mechanisms producing these different biologies.
On the one hand, we know that maternal cells are taken up, sur-
vive, and are functional at 5 wk in the BALB/cJ pup and so the
very low number of maternal Tregs in BALB/cJ recipient foster
mice compared with FVB/NJ recipient foster mice is not due to
MHC-related killing. On the other hand, we do not know whether
there is some mechanism inhibiting the specific uptake of ma-
ternal Tregs into BALB/cJ mice or whether they do not survive or
proliferate in BALB/cJ tissues or have differences from FVB/NJ
mice with regard to their homing to and accumulation in the
spleen and thymus. A search of the literature failed to find any
evidence for a more supportive environment for Tregs in FVB/NJ
mice.
Initial analyses of other foster pairings (C3H/HeJ dams with

C57BL/6J foster pups; BALB/cJ and FVB/NJ dams with C57BL/6J
foster pups; and BALB/cJ dams with FVB/NJ foster pups and the
reverse) demonstrated T cell transfer from dam to foster pup;
therefore, this is not a phenomenon restricted to C57BL/6J dam
cells (data not shown).
Given theMHCmismatch situation, how could positive selection

of pup effector CD8+ T cells be accomplished? We propose that
Ag carried to the pup thymus by the maternal Th APC is released
from the maternal cells and then taken up by a pup cell for
presentation on the correct MHC. Many class I–restricted T cell
responses are generated by exogenous Ags (32), and processing
of extracellular Ag for MHC class I presentation occurs in an
endolysosome (33–37). We speculate that the same endolysosomal
compartment could be where the maternally transported Ag is
loaded onto a pup MHC class I molecule.
In a previous publication (38), we reported that the outcome of

lactational transfer by an immunized dam was dependent on the
sex of the recipient. Therefore, we kept track of males versus fe-
males in all of the current analyses. However, there were no male/
female differences, and so the results are not broken out according
to sex. What accounts for the difference with regard to sex in the
two studies? Although primarily a T cell–mediated response, an in
vivo delayed-type hypersensitivity response is more complex,
involving an 8-d timeframe and additional inflammatory cells and
processes, suggesting that some of these might be responsible for
the sex differences. Alternatively, the sex difference may not occur
in Th2-biased animals. Unfortunately, there is no delayed-type
hypersensitivity response to BCG in BALB/c mice so we could
not directly compare the two studies.
Immune responses to BCG vaccination are complex (39), and

IFN-g secretion by Ag-stimulated T cells is a standard parameter
for vaccine-induced immune assessment. However, in mycobac-
terial studies, although IFN-g secretion elicited by PPD and the
recombinant M. tuberculosis Ag, ESAT-6, correlated well with
bacterial load (40–42), protection was reported to be correlated
more strongly with responses to other tuberculosis Ags: TB10.3
(Rv3019c) and TB10.4(Rv0288) (43, 44). We show in this article
that M. tuberculosis immunity, as measured by PPD-stimulated
IFN-g-secretion by CD8+ T cells, can be produced and may
even be more effective when acquired through milk. Normal
stomach acidity and enzymatic activity are not present at birth and
do not develop in human infants until ∼3 mo of age (45), thereby
producing a window of opportunity for intervention. Studies are
needed in the human population to evaluate the protective effi-
cacy of this route of immunization against mycobacterial infec-
tion. However, with that caveat stated, the work suggests that

prepregnancy immunization in the human population could pro-
vide a way to improve immunity to a disease that kills more than
4000 persons each day (46) and, furthermore, that wet nursing by
a woman with a robust Th1 response could significantly enhance
immunity in some vulnerable infants. What we have yet to learn is
whether there are any negative consequences of maternal educa-
tional immunity, like the production of autoreactive T cells as a
consequence of suckling a mother with a T cell–mediated auto-
immune disease, such as type 1 diabetes (47) or primary biliary
cholangitis (48). We also do not yet understand the role of ma-
ternal CD8+ cells or Tregs that home to the pup thymus and
whether they participate in the development of tolerance to ma-
ternal Ags, as observed in those breastfed who later receive a
transplant from their mothers (49). Having demonstrated the oc-
currence of maternal educational immunity in MHC-mismatched
and differentially Th-biased situations, we are now in a position to
use a variety of animal disease models to further investigate some
of these very important additional topics.
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