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Introduction

Properly formed Mycobacterium-induced granulomas pro-
tect an estimated two billion individuals from active disease
by attenuating bacterial growth and dissemination [1]. These
lesions are comprised of clustered, infected and noninfected
macrophage and dendritic cells (DCs) surrounded by acti-
vated lymphocytes [2]. During acute mycobacterial infec-
tion, formation of the granuloma protects the host by
containing the infection and localizing the dominant IFNγ-
producing CD4+ T cell immune response [3]. As infection
progresses into the chronic stage the granuloma protects the
host by preventing bacterial dissemination, but also provide
the mycobacteria with a long-term survival niche [4–6]. Re-
cent studies have begun to demonstrate that granulomas are
dynamic lesions that allow cells to migrate in and out. Cosma
et al. have shown that super-infectingMycobacterium species
and infected macrophage preferentially home into pre-exist-
ing granulomas [7, 8]. On a cellular level, Egen and col-
leagues elegantly demonstrated the access of CD4+ T cells to
pre-established granulomas and their incessant movement
within the lesions [9]. We have previously shown that acti-
vated T cells traffic into preexisting mycobacterial granulo-
mas during both influenza and LCMV co-infection, as well

as during autoimmune conditions [10–12]. Despite the un-
derstanding these insights have brought, many questions re-
main regarding cellular traffic in and out of granulomas [13].

Current methodology has not been sufficient to ask
questions regarding the timing and proportion of traffic
among different cellular subsets that both enter and exit
granulomas, and so novel models have been needed. We
have recently developed a model that involves grafting
granuloma-containing liver from Bacillius Calmette-guerin
(BCG)-infected mice under the kidney capsule of unin-
fected, syngeneic mice. Using this model, we reported that
dendritic cells (DCs) traffic in and out of both acute and
chronic granulomas (Schreiber et al. manuscript submit-
ted). A continuously reforming granuloma structure is in
agreement with recent studies demonstrating the continu-
ous change and movement of granulomas using long-term
CT/PET imaging. Proper granuloma formation relies on the
recruitment and special organization of many lymphocyte
populations.Although macrophage are the predominate cell
in Mycobacterium-induced granulomas, lymphocytes, es-
pecially T cells, are crucial for the formation and mainte-
nance of the lesions [14]. In the absence of CD4+ T cells,
there is no proper granuloma formation [15–17]. Each le-
sion is comprised of a complex, heterogeneous T cell reper-
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toire [18] and while CD4+ T cells are crucial, CD8+ T cells
also play an important role [19].While the presence of reg-
ulatory T cells in the granuloma has been known, their role
and effects are only beginning to be understood [20]. NK
cells in the granuloma provide a critical secondary source
of IFNγ [21] and B cells are thought to play a role in damp-
ening inflammatory damage, as well as enhancing local im-
munity around the granuloma [22].A question that remains
unanswered about the complex coordination of these dif-
ferent cell types is the rate at which they are exchanged in
the granulomatious lesions.

Here we demonstrate the feasibility of tracking a vari-
ety of cell populations into transplanted infected liver tissue
including polyclonal CD4+, CD8+, B220+ and NK1.1+ cells,
as well as Mycobacterium-specific CD4+ T cells. All of
these cell types are important modulators in maintaining
granuloma integrity, structure and function. Using this
novel granuloma transplantation model, we have compared
the exchange rate of different lymphocyte populations
within lesions by measuring the ratio of donor and recipi-
ent cells at different time points. Data from this study shows
that chronic granulomas are continuously restructured and
the cellular subsets observed have access into chronic le-
sions during the one-week observational period. These find-
ings demonstrate that not only does each of the investigated
lymphocyte subsets have access to granulomas, but the rate
of appearance among the different subpopulations in the
transplanted lesions is different.

Results

Acute and chronicMycobacterium-induced granulomas
are comprised of many lymphocytic subsets

Our earlier work has demonstrated that dendritic cells have
more access to chronic granulomas than to acute ones, an
unanticipated finding (Schreiber et al. manuscript submit-
ted). Here, we investigate the access of other cellular sub-
sets into acute and chronic Mycobacterium-induced
granulomas. In our BCGmodel these subsets are cleary dis-
tinguishable by flow cytometry at both 3 (acute) and 10-
weeks (chronic) post infection (Fig. 1). CD4+ T cells com-
prise 5–10% of granuloma infiltrating cells and have proven
to be indispensable for host protection and granuloma for-
mation (Fig. 1 top row). CD8+ T cells are present at similar
frequencies in the granuloma as CD4+ T cells and provide
an additional source of IFNγ (Fig. 1 top row). When in-
fected mice receive an adoptive transfer of 5×105 CFSE-
labeled dsRED P25 CD4+ T cells, which have TCR
specificity for Mycobacterium Ag85B of Mtb and BCG,
those CD4+ cells have access to the granuloma (Fig. 1mid-
dle row). Natural killer (NK) c ells in BCG-induced gran-
ulomas are another source of protective IFNγ (Fig. 1 bottom
row). The role of B cells, characterized here by B220+ ex-
pression, during mycobacterial infection remains largely
unknown [23]. However, their high frequency and abun-

dance in acute, and even more so in chronic granulomas
suggest they are an important subset to study (Fig. 1 lower
plots). Flow cytometric plots presented here demonstrate
the breadth of lymphocyte subsets in both acute and chronic
Mycobacterium-induced granulomas. Though the role of
these subtypes during infection is beginning to be under-
stood, very little is known about the rate at which they enter
lesions and are replenished by systemic sources. The gating
scheme presented here will be used throughout to better un-
derstand their traffic.
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Fig. 1. Lymphocyte subsets in 3 and 10-week
Mycobacterium bovis strain Calmette-Guerin-induced
granulomas. C57BL/6 mice were systemically infected in-
traperitoneally with BCG. Three and ten weeks post-infection
livers were harvested, and granuloma-infiltrating cells were
isolated. For P25 experiments, 5×105 dsRed Vβ11+CD4+ cells
from the P25 Tg mouse were adoptively transferred into
infected mice one week prior to harvest. FACS analysis
of CD8+ and CD4+ (top row), P25 (middle row) and NK1.1+

and B220+ (bottom row) populations in liver granulomas.
Subset gating scheme shown above is used throughout
manuscript. Plots obtained from live cells gate
of SSC versus FSC. Plots representative of at least
3–5 independent experiments
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Transplantation of granuloma-containing liver piece
under the renal capsule of GFP recipients

To study cellular traffic, a small piece (~15±3 mg) of liver
from colorless uninfected, acutely (3 weeks) or chronically
(10 weeks) infected mouse was transplanted underneath the
kidney capsule of sygeneic GFP+ recipients (Fig. 2A). 1, 3
or 7 days post transplant the kidney was excised and visu-
alized by fluorescent microscopy (Fig. 2B shows day 3).
Cellular morphology and absence of many GFP+ cells eas-
ily identifies the colorless, transplanted liver specimen.
GFP+ cells found in the transplanted graft are unequivo-
cally of recipient origin. For the first time, this model al-
lows the phenotyping and quantification of the migration
of lymphocytic subsets into pre-existing acute and chronic
mycobacterium-induced granulomas.

CD4+ T cells migrate into both acute and chronic
granulomas with similar efficiency

Previous studies have demonstrated that non-Mycobac-
terium specific CD4+ T cells can enter pre-existing, acute

granulomas [9]. To retest their results using our transplan-
tation model and test whether polyclonal CD4+T cells also
enter chronic lesions, we tracked the migration of this sub-
set into transplanted granulomas using fluorescent mi-
croscopy and flow cytometry (Fig. 3). 1, 3 and 7 days post
transplant the grafted kidney was excised. Frozen tissue
sections were examined for CD4+ cellular migration into
transplanted granulomas. Infiltrating, recipient CD4+ cells
(R) were identified by GFP+ fluorescence, while trans-
planted donor CD4 (D) cells are GFP– (Fig. 3A). A mean
distribution was calculated after counting all CD4+ T cells
in each lesion (Fig. 3B). By day 1 post transplant 2.5%
(±2.5%) of total CD4+ T cells in a granuloma were of re-
cipient origin. By days 3 and 7 post transplant the propor-
tion of recipient CD4+ T cells of total CD4+ T cells in the
granulomas increased to 13% (±3.5%) and then 35%
(±4.7%), respectively, (Fig. 3B). Flow cytometry was used
to investigate GFP+CD4+ cellular influx into the entire graft,
which includes granuloma and non-granuloma tissue (Fig.
3C and D). The transplanted liver graft was excised from
the kidney, homogenized and analyzed by flow cytometry
(Fig. 3C upper panels). Flow cytometry analysis of the GFP
fluorescence of the CD4+ population (Fig. 3C lower pan-
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Fig. 2. Transplantation of uninfected, 3- and 10-week BCG infected colorless liver tissue under the kidney capsule
of GFP recipient mice. A, Experimental Scheme. B, Fluorescent microscopy of kidney sections 3 days post transplant
of uninfected, 3- and 10-week BCG infected colorless liver tissue. Images taken at ×10 magnification.
GFP (green) and DAPI nuclear stain (blue)
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Fig. 3.Migration of recipient GFP+CD4+ T cells into transplanted granulomas in 3- and 10-week Mycobacterium-infected donor
liver tissue. Liver tissue, containing granulomas from 3- (A–D) and 10-week (E–H) mycobacterial infection, was transplanted
underneath the kidney capsule of uninfected GFP recipients. A & E, Digitally magnified ×1000 fluorescent microscopy images taken
of transplanted specimen 1, 3, and 7 days post transplant of 3- and 10-week BCG-infected donor liver. Granulomas outlined
with white dashed lines, recipient cells (green), donor CD4 (red), recipient CD4 (orange/yellow) and DAPI nuclear stain (blue).
Granuloma-associated CD4+ T cells were designated to be either donor (D) or recipient (R)-derived, based on CD4-GFP co staining.
B & F, Mean distribution of all donor (white bars) and recipient (grey bars) CD4 T cells per granuloma 1, 3 and 7 days
post transplant. CD4 distribution was determined from 10–15 granulomas per time point. C & G, 1, 3 and 7 days post transplant,
transplanted donor liver tissue was excised and prepared for flow cytometry. Upper dot-plot panels, CD8 and CD4 surface staining.
Lower histograms, GFP distribution of CD4+ gating shown in upper panels. Gating generated from GFP+ controls. D & H,
Mean absolute number of infiltrating CD4+GFP+ T cells per gram of total transplanted tissue.
Data generated from 2–3 independent experiments; error bars represent SEM
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els) reveals a faster, more pronounced infiltration and re-
placement of recipient CD4+ T cells into the transplanted
granulomas than microscopy. 3 and 7 post transplant 24%
and 78% of total CD4+ T cells in the entire transplanted
piece are of recipient origin, respectively (Fig. 3C lower
panel). The difference in CD4+ T cell migration previously
observed (Fig. 3A and B) may be due to antigenic specificity.
While many non-specific CD4+ T cells may be recruited to
the transplant, only a portion of them likely enter granulo-
mas. The measured difference may also result from the fact
that most donor CD4+ T cells are localized in granulomas.
When extra-granulomatous tissue is included in the meas-
urement, recipient CD4+ cells are make up a larger majority.
Compared to infected donor tissue, fewer CD4+ T cells are
recruited into uninfected donor tissue 7 days after transplant
(Fig. 3D) suggesting that recruitment and migration of CD4+

T cells into the transplanted tissue and granulomas is not an
artifact of the transplantation procedures.

Our previous studies demonstrated that chronic granu-
lomas are quickly and intensely surveyed by dendritic cells
following transplantion (Schreiber et al. manuscript sub-
mitted). Based on this observation, we then tested if CD4+ T
cells had similar access to chronic granulomas (Fig. 3E–H).
Fluorescent microscopy analysis of all CD4+ T cells in
transplanted granulomas 1, 3 and 7 days post transplanted
showed that 8% (±4.9%), 12% (±5%) and 41% (±4.3%)
were of donor origin, respectively (Fig. 3E and F). These
data demonstrate that, like dendritic cells, CD4+ T cells also
have access to chronic lesions.As with CD4+ migration into
acutely infected tissue, analysis by flow cytometry showed
more total CD4+ T cell migration into chronically infected
transplanted tissue than migration into transplanted granu-
lomas alone (Fig. 3G). Since CD4 T-cells migrated into
transplanted tissue from chronically infected mice, but not
uninfected tissue, migration is not a procedural artifact (Fig.
3H). These data demonstrate that CD4+ T cells migrate into
acute and chronic Mycobacterium-infected donor tissue,
and into pre-established granulomas, although at a lower
frequency.

Mycobacterium Ag85B-specific CD4+ T cells readily
migrate into both acute and chronic granulomas

We next investigated if antigen specificity was involved in
migration of CD4+ T cells into granulomas, which could
compensate for differences observed between local granu-
loma influx and increased global tissue transplant influx.
We transplanted donor tissue into Thy1.1 P25 CD4+ T cell
transgenic mice. Staining with anti-CD4 and anti-Thy1.1
identifies both donor (D) and recipient P25 (R) CD4+ T
cells 7 days post transplant (Fig. 4A). When quantified,
49% (±7.8%) and 54% (±6.8%) of total CD4+ T cells in 3-
and 10-week granulomas, respectively, were Thy1.1+ of re-
cipient origin (Fig. 4B). These data suggest that P25 CD4+

T cells enter 3 and 10-week lesions more quickly and at
slightly higher frequencies than a polyclonal population.
Flow cytometry of whole transplant pieces revealed similar

rates of P25 Tg T cell migration into both 3- and 10-week
infected donor grafts (Fig. 4C), nor where there differences
in the absolute number of P25 T cells per gram donor tis-
sue between 3 and 10-week infected transplants

Foxp3+ regulatory T cells traffic into acute and chronic
granulomas at a similar rate and frequency, but to a
lesser extent than conventional CD4+ T cells

Infection of Foxp3-GFP reporter mice with BCG shows
that Foxp3+ regulatory T cells are present in acute and
chronic granulomas, though in smaller numbers than CD4
or CD8 (Fig. 5A). To track regulatory T cell migration into
granulomas, liver tissue from 3- and 10-week infected col-
orless mice was transplanted under the kidney capsule of
Foxp3-GFP reporter recipients (Fig. 5B).Within one week,
Foxp3+ regulatory T cells entered acute and chronic gran-
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Fig. 4.Migration of Thy1.1 P25 CD4+ T cells
into 3- and 10-week infected donor tissue.
Briefly, Thy1.2 C57Bl/6 liver tissue
from 3- and 10-week infected mice was transplanted
under the kidney capsule of P25 Thy1.1 Tg recipients.
A, Fluorescent microscopy images of transplanted kidney
7 days post transplant. Images digitally magnified
from images taken at ×1000 magnification white-dashed line
indicates border of granuloma. Red indicates donor anti-CD4
surface stain (D), and green or yellow/orange indicate recipient
Thy1.1+ cells (R). B,Mean percent composition
of donor CD4+Thy1.1– cells (white bars) and recipient
CD4+Thy1.1+ cells (grey bars) in transplant granuloma.
C, 7 days later donor tissue was removed and stained
with anti-Thy1.1 and Vβ11 to locate Tg T cells.
D,Absolute number of infiltrating P25+ cells
per gram of transplanted tissue. Error bars indicate ±SEM
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ulomas at a similar rate and frequency (Fig. 5C). However,
compared to conventional CD4+ T cells, recruitment of reg-
ulatory Foxp3+ T cells was much lower.

Other lymphocytes, including CD8+, B220+

and NK1.1+ subsets, also demonstrate high cellular
turnover within both acute and chronic granulomas
by one week

Thus far, our data demonstrates an active recruitment of
CD4+ T cells (polyclonal andMycobacterium-specific) into
both acute and chronic granulomas (Figs 3 and 4). To test
if other lymphocytic compartments also migrate into trans-
plants, we used the same methodology to analyze CD8+,
B220+ and NK1.1+ populations (Fig. 6). Cell specific in-
flux into individual granulomas was measured by fluores-
cent microscopy of donor GFP– (D) and recipient GFP+ (R)
cells (Fig. 6A’s). Like CD4+ T cells, CD8+ T cells exhib-
ited a gradual turnover within 3- and 10-week granulomas,
reaching levels of 45% (±3.1%) and 39% (±5.7%), respec-
tively, by one week after transplant (Fig. 6B CD8+).As with
the CD4+ population, recipient CD8+ cells made up a higher
proportion of total CD8 cells in the entire graft when com-
pared to the distribution in the granuloma (Fig. 6C CD8+).

B220 migration into acute granulomas was much lower
than migration into chronic granulomas: 30% (±4.4%)
compared to 67% (±3.7%), respectively (p<0.0001) (Fig. 6,
B220+ A and B). Previous data (Fig. 1) demonstrates the
progressive accumulation of B220+ cells, which supports
the distribution measured here. The increase in the B220+

population as infection proceeds into the chronic stage may
have significance and warrants future investigation. The
NK1.1+ population showed the smallest turnover of any
subset, with recipient NK1.1+ cells comprising 20%
(±5.9%) and 32% (±5.1%) of 3 and 10-week granulomas,
respectively (Fig. 6, NK1.1+ A and B). Unlike CD4+ and
CD8+ populations, the proportion of infiltrating B220 and
NK1.1 to total B220 and NK1.1 cells is similar in both the
graft and granulomas alone (Fig. 6, B220+ and NK1.1+C’s)
suggesting that their migration into the transplant is di-
rected more specifically to granulomatous lesions.

Few CD4+ and CD8+ T cells migrate out of acute
and chronic granulomas

While the traditional paradigm is that most lymphocytes
are retained and eventually die in the granuloma, we used
our model to show and measure T lymphocytes efflux out
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Fig. 5.Migration of regulatory T cells into 3- and 10-week infected donor tissue. A, FACs plot of three (left plot) and ten (right plot)
week infected Foxp3-GFP reporter mice. B, Liver tissue from 3-week infected colorless mice was transplanted under the kidney
capsule of Foxp3-GFP reporter recipients. Fluorescent microscopy image of transplanted kidney 7 days post transplant. Image digi-
tally magnified from images taken at ×1000 magnification white-dashed line indicates border of granuloma. Red indicates donor
anti-CD4 surface stain (D), and green or yellow/orange indicate recipient Foxp3+ cells (R). C,Mean percent composition
of donor CD4+GFP– cells (white bars) and recipient CD4+Foxp3-GFP+ cells (grey bars) in transplant granuloma
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Fig. 6.Migration of recipient GFP+ CD8+ T cells, NK1.1+ and B220+ cells into transplanted granulomas within 3- and 10-week
Mycobacterium-infected donor liver tissue. Analysis of GFP+ cellular migration into transplanted 3- and 10-week
granuloma-containing infected donor liver tissue was performed in the same way as CD4+ analysis in Fig 3.
A, Digitally magnified ×1000 fluorescent microscopy images taken of transplanted specimen 7 days post transplant
of 3- and 10-week BCG-infected donor liver. B,Mean percent distribution of GFP+ (R) and GFP– (D) CD8+ T cells, NK1.1+ and
B220+ in transplanted granulomas. C, GFP distribution of CD8+ T cells, NK1.1+ and B220+ gated population shown in Fig. 1
at day 7 post transplant. Data generated from 2–3 independent experiments; error bars represent SEM
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of acute and chronic transplanted granulomas (Fig. 7A). For
these studies, liver from 3-, 6- and 10-week infected GFP+

mice were transplanted into sygeneic, colorless recipients,
allowing us to track GFP+ cellular migration out of the
transplanted granulomas. Tissue sections from the recipi-
ents’ cervical lymph node (cLN), draining renal lymph
node (rLN) and spleen were stained for CD4 (Fig. 7B).
While some GFP+ cells found in recipient organs were
CD4+ (Fig. 7B right images), the majority of GFP+ cells
did not co-stain, but were instead found in close proximity
to CD4+ cells (Fig. 7B left and middle images). In addition
to CD4+ T cells, CD8 staining of the rLN also revealed
GFP+CD8+ cells (Fig. 7C left image, dashed arrow), as well

as GFP+CD8– cells in close proximity to CD8+ cells (Fig.
7C middle and right images). The presence of fluorescent
overlay at the point of contact between GFP+CD8– cells and
GFP–CD8+ resembles an immunological synpase (Fig. 7C
yellow arrow), suggesting that GFP cells from the trans-
planted granulomas are a migratory antigen presenting cells
(APC) like DCs (though unlikely to be macrophages since
they are not very motile by nature). Using flow cytometry
to track GFP+ cellular egression confirmed that very few
cells leave the granuloma (data not shown). Based on the
absolute number of T lymphocytes present in the grafted
infected tissue and the number of GFP+ cells detected in
secondary lymphoid organs by flow cytometry, approxi-
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Fig. 7. Transplantation of 3- and 10-week BCG infected GFP liver tissue under the kidney capsule of colorless recipient mice.
A, Experimental Scheme. Briefly, Liver specimen (~0.15±3 mg) containing granulomas from a 3-, 6- or 10-week
dsRED BCG infected GFP donor mouse is transplanted underneath the kidney capsule of colorless wildtype or Rag–/– recipients.
B, To track cellular migration out of transplanted granulomas, frozen sections from cLN, rLN and spleen 7 days post transplant
were analyzed by fluorescent microscopy images.
C, Sections after transplant of a 6-week infected donor were stained for CD4 cells (red). Upper images taken at ×1000,
lower images digitally zoomed in of region indicated by white box. Far right images of spleen demonstrate CD4+GFP+ co-staining,
while middle and far left images do not. rLN sections from 3-week infected donor were stained with CD8 (red).
Images taken at ×1000 and digitally magnified. Far right image, solid white arrow points to GFP+CD8– and dashed arrow points
to GFP+CD8+ cell. Middle and right images, yellow arrows point to synpase-like co-staining of GFP+CD8– and CD8+ cell.
D, draining rLN 2 weeks after 3-week infected GFP donor liver piece was transplanted into Rag–/– recipient.
Images taken at ×10 and ×40, respectively
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mately 1% and 5% of T cells leave the acute and chronic
granulomatous tissue, respectively, by one week after trans-
plant. To demonstrate that transplanted granulomas main-
tain their integrity and release few cells, we created a
scenario that resulted in granuloma disruption. Here, in-
fected liver from a GFP infected donor is transplanted under
the kidney capsule of a colorless, Rag–/– recipient. The re-
cipient’s inability to replenish the granuloma with new lym-
phocytes causes the granuloma to disintegrate, thereby
releasing many GFP+ cells (Fig. 7D draining rLN). These
data demonstrate that lymphocyte recruitment is crucial for
retention of granuloma cells in the transplant and main-
taining long-term granulomatious lesions.

Discussion

Granuloma formation is required by the host to control in-
fection and by the pathogen to ensure its long-term survival
and ability to transmit disease. Their dynamic structure is
maintained by the recruitment of lymphocytes via nearby
vessels through a chemokine gradient. Repopulating the
granuloma with newly-recruited inflammatory cells is nec-
essary to maintain granuloma integrity since most of the ef-
fector lymphocytes are not long-lived. The importance of
this continuous repopulation is demonstrated in cases where
the systemic lymphocyte pool is depleted, resulting in the
disintegration of granulomas and reactivation of mycobac-
teria (i.e. HIV, SIV) [24, 25]. However, the rate and fre-
quency at which this repopulation takes places is not known.

The granuloma transplantation model presented here is
a new method to study the repopulation and egression of
lymphocytes in the granuloma. Using GFP-expressing
mouse strains, we are able to measure and track these ex-
changes. Collectively, the data presented here demonstrates
that all observed lymphocyte populations are exchanged in
both acute and chronic granulomas, but the rate and extent
of their exchange differs between subpopulations. The re-
cruitment of Mycobacterium-specific and non-specific
CD4+ T cells into established granulomas has been demon-
strated [11, 18]. However, this is the first report to show
that within one week, approximately 30% of CD4+ T cells
are coming from systemic sources. While flow cytometry
analysis demonstrates the infiltration of GFP+ cells into the
transplant, fluorescent microscopy analysis shows the ratio
of systemic and transplanted cells on a granuloma-specific
level. The data clearly demonstrates that both acute and
chronic lesions are permissible to incoming cells. There is
a higher frequency of infiltrating NK and B cells in chronic
lesions compared to acute lesions, while a similar frequency
of infiltrating T lymphocytes in both acute and chronic le-
sions. CD4+ T cells specific for mycobacterial antigen 85B
(P25) are recruited at a higher frequency than polyclonal
CD4+ T cells, which may be due to their antigen specificity
or potentially a shorter lifespan. Conversely, regulatory
Foxp3+ CD4+ T cells, which are also present in the granu-
loma, repopulate from systemic sources at a much lower
frequency compared to conventional CD4+ T cells. These

data collectively demonstrate that the extent of exchange
between the different CD4+ T cell populations with recipi-
ent’s cells in the transplanted granuloma differs. Interest-
ingly, the highest level of exchange was observed in the B
cell population during chronic infection, with 80% of B
cells being of recipient-origin by 7 days post transplant.
The significance and mechanisms behind the different ex-
tents of repopulation of the different lymphocyte subpopu-
lations will require future studies.

Our data also demonstrates that with the exception of a
very small population, most lymphocytes do not leave the
granuloma. This raises the question as to whether those
cells that do leave the granuloma have an effect on the
course of infection. The continuous rebuilding of the gran-
uloma may provide an opportunity to modulate these sites.
Therefore, a better understanding of granuloma mainte-
nance, particularly in regards to repopulation, will be an
important future direction of study.

Materials and Methods

Mice

GFP C57BL/6 (H2b), Foxp3-GFP and C57BL/6 Rag–/–

mice were purchased from Jackson Laboratory (Bar Har-
bor, ME). P25 transgenic mice were a generous gift from
Drs. Rothfuchs and Sher (NIH, Bethesda, MD). Mice were
housed and bred in a pathogen-free facility at the University
of Wisconsin Animal Care Unit (Madison, WI), according
to the guidelines of the Institutional Animal Care and Use
Committee.

Infection

Kanamycin-resistant dsRED-expressing BCG, a generous
gift from Dr. Lalita Ramakrishnan (University of Washing-
ton, WA), was grown in Middlebrook 7H9 supplemented
with 0.05% Tween 80 and 10% oleic acid-dextrose-
catalase supplement (Difco, Detroit, MI) in the presence of
kanamycin (50 µg/mL) and stored at –80°C. For infections,
ampoules were thawed, diluted in PBS, and briefly sonicated
to obtain single-cell suspensions. For systemic infection, a
non-lethal dose of 1×107 CFU in 100 µL is injected i.p.

Transplant

Mice were anesthetized by i.p. injection of a ketamine (90
mg/kg)/xylazine (10 mg/kg) mixture and s.c. injected with
meloxicam for pain management.An area on the dorsal side
of the mouse towards the posterior end was shaved and
swabbed with iodine. A 1 cm longitudinal incision through
the skin and peritoneum was made above last rib and hip
joint, and the kidney then withdrawn. A 1 mm incision
along the kidney capsule was made and the capsule then
drawn away from the kidney creating an open pocket be-
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tween the organ and the capsule. Two pieces of donor liver
approximately 15±3 mg in mass were inserted under the
capsule. The peritoneum was then sutured and skin incision
closed with surgical staples. Mice received kanamycin
(5 mg/kg) in their water 1 day prior to surgery and for the
duration of their recovery.

Mononuclear cell isolation and flow cytometry

Transplanted liver tissue was processed between two glass
slides and treated with 5 mg/ml type I collagenase (Sigma-
Aldrich, St. Louis, MO) at 37°C for 40 min with shaking.
The softened granulomas were disrupted by repeated ex-
pulsion through a syringe for 1 minute and washed. Iso-
lated cells were processed for flow cytometry.A total of 106

cells were incubated for 30 min on ice with saturating con-
centrations of labeledAbs with 40 µg/mL unlabeled 2.4G2
mAb to block binding to Fc receptors and washed 3 times
with staining buffer (PBS plus 1% BSA). Fluorochrome-
labeled Abs against NK1.1 (PK136), Vβ11 (RR3-15),
Thy1.1 (OX-7), CD4 (RM4.5) and CD8 (53-6.7) were pur-
chased from BD Biosciences (San Jose, CA). B220 (RA3-
6B2) PE labeled was purchased from eBioscience (San
Diego, CA).Anti-CD16/CD32 (2.4G2) was produced from
a hybridoma. Cell surface staining was acquired on a FAC-
SCalibur or LSRII (BD Biosciences, San Jose, CA) and an-
alyzed with FlowJo (Tree Star) software version 5.4.5.

Fluorescent microscopy

Organs fixed over night in 3% formalin/25% sucrose in
PBS were frozen down in O.C.T Compound (Tissue-Tek
Sakura, Torrance, CA). 5–10 µm thick cryosections were
cut from O.C.T-embedded tissue samples and fixed for 10
min in ice-cold acetone, then washed three times with PBS
and outlined with a Pap pen. Sections were then surface
stained, which included 40 µg/mL of 2.4G2 blocking Ab,
for two hours at room temperature in PBS and washed with
PBS for 30 minutes. Sections were mounted using ProLong
Gold antifade reagent with DAPI (Invitrogen, Carlsbad,
CA). All images were acquired with a camera (Optronics
Inc., Goleta, CA) mounted on a fluorescence microscope
(Olympus BX41, Leeds Precision Instruments). Picture-
Frame software (Optronics Inc.) was used to obtain JPEG
images.

Adoptive transfer

Pooled splenocytes and lymphocytes from dsRed P25 trans-
genic mice were CFSE labeled (Molecular Probes). 5×105

dsRed+CD4+ transgenic cells were adoptively transferred
i.v. via retro-orbital injection into recipient mice 7 days
prior to harvest.
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