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The Hypervirulent Mycobacterium tuberculosis Strain HN878

Induces a Potent TH1 Response followed by Rapid

Down-Regulation1

Diane Ordway,2 Marcela Henao-Tamayo, Marisa Harton, Gopinath Palanisamy, Jolynn Troudt,

Crystal Shanley, Randall J. Basaraba, and Ian M. Orme

The HN878 strain of Mycobacterium tuberculosis is regarded as “hypervirulent” due to its rapid growth and reduced survival of

infected mice when compared with other clinical isolates. This property has been ascribed due to an early increase in type I IFNs

and a failure to generate TH1-mediated immunity, induced by a response to an unusual cell wall phenolic glycolipid expressed by

the HN878 isolate. We show, however, that although type I IFN does play an inhibitory role, this response was most apparent

during the chronic disease stage and was common to all M. tuberculosis strains tested. In addition, we further demonstrate that

the HN878 infection was associated with a potent TH1 response, characterized by the emergence of both CD4 and CD8 T cell

subsets secreting IFN-�. However, where HN878 differed to the other strains tested was a subsequent reduction in TH1 immunity,

which was temporally associated with the rapid emergence of a CD4�CD25�FoxP3�CD223�IL-10� regulatory T cell population.

This association may explain the paradoxical initial emergence of a TH1 response in these mice but their relatively short time of

survival. The Journal of Immunology, 2007, 179: 522–531.

I
t is becoming apparent that a significant percentage of new

clinical isolates of Mycobacterium tuberculosis are of high

virulence (1, 2). Initial studies by Manca et al. (3, 4) dem-

onstrated that the HN878 strain is of unusually high virulence,

wherein mice failed to induce a strong TH1 T cell and cytokine

response early in infection and died more rapidly in comparative

survival studies. This “hypervirulence” was hypothesized to be asso-

ciated with induction of increased production of type I IFN (4), and

further work has subsequently shown that HN878 expresses a TH2

cytokine inducing biologically active phenolic glycolipid Ag in its cell

wall, removal of which ablates its lethality (5).

The role of type I IFNs in the protective immune response to M.

tuberculosis infection is not well understood. More recent reports

from Manca et al. (3, 4) demonstrated that wild-type HN878-in-

fected mice treated with anti-IFN-�� Ab results in higher TH1

cytokine response and increased survival of animal without concom-

itant differences in bacterial growth. Taken together, these studies sug-

gested that the increased type I IFNs during infection with HN878

may be deleterious for survival of M. tuberculosis-infected mice,

which was associated with reduced TH1 immunity (3, 4).

Cell-mediated immunity is responsible for control of tuberculosis

(6, 7). After pulmonary infection of the mouse with M. tuberculosis

(�50–100 CFU), alveolar macrophages and dendritic cells (DCs)3

phagocytose the bacilli and DCs carry Ags to draining lymph nodes

where recognition by T cells generates cell-mediated immunity (6–9).

The generation of prolonged immunity to the products of the phago-

cytosed bacteria have Ags that are presented by macrophages, as Ag

bound to class I MHC molecules to CD8�, class II MHC molecules

to CD4�, and non-MHC molecules to ��� T cells (10–13). The pre-

sentation of these molecules to T cells causes the secretion of IFN-�,

IL-12, and the subsequent signaling from TNF-� results in the acti-

vation of other macrophages to phagocytose and kill the intracellular

organism (8, 12, 13). The additional influx of monocytes, macro-

phages, B cells, and neutrophils form the granulomatous lesion at the

site of mycobacterial replication (14–17) in the lung to contain mul-

tiplication and further dissemination of the bacteria to other cells.

Although there is an initial presence of a strong TH1 Ag-specific

response in mice, which leads to the control of M. tuberculosis

growth, these responses may also increase inflammation and lung im-

munopathology. Although the immunosuppressive cytokines such as

TGF-�, IL-4, and IL-10 (9, 18, 19) are generally considered to in-

crease the susceptibility to intracellular pathogens, their expression

with a bacterial strain of higher virulence may be necessary to atten-

uate the potentially tissue-damaging inflammatory response (18–20).

An example, of reduction of inflammatory tissue damage is the de-

velopment of a CD4 T regulatory population that expresses CD25,

CD223, and FoxP3, which down-regulates inflammation and protec-

tive TH1 responses (21, 22).

Materials and Methods
Mice

Specific pathogen-free female C57BL/6 mice were purchased from The
Jackson Laboratory. Mice lacking the IFN-�� receptor on a 129 back-
ground were bred in-house at Colorado State University (Fort Collins, CO)
from breeders provided by Dr. P. Marrack (National Jewish Medical and
Research Center, Denver, CO). Mice were used at �6–8 wk of age. Mice
were maintained in the Biosafety Level 3 biohazard facility at Colorado
State University, and were given sterile water, mouse chow, bedding, and

Mycobacteria Research Laboratories, Department of Microbiology, Immunology and
Pathology, Colorado State University, Fort Collins, CO 80523

Received for publication January 26, 2007. Accepted for publication April 25, 2007.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

1 This work was supported by Grants AI-44072 and AI-40488 from the National
Institutes of Health.

2 Address correspondence and reprint requests to Dr. Diane Ordway, Department of
Microbiology, Immunology and Pathology, Colorado State University, Fort Collins,
CO 80523-1682. E-mail address: D.Ordway-Rodriguez@colostate.edu

3 Abbreviations used in this paper: DC, dendritic cell; pDC, plasmacytoid DC; FSC,

forward light scatter; SSC, side light scatter; GITR, glucocorticoid-induced TNF-
related receptor; KO, knockout.

Copyright © 2007 by The American Association of Immunologists, Inc. 0022-1767/07/$2.00

The Journal of Immunology

www.jimmunol.org

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


enrichment for the duration of the experiments. The specific pathogen-free
nature of the mouse colonies was demonstrated by testing sentinel animals.
All experimental protocols were approved by the Animal Care and Use
Committee of Colorado State University.

Experimental infections

Mice were challenged by low-dose aerosol exposure with M. tuberculosis

using a Glas-Col aerosol generator calibrated to deliver 50–100 CFU of
bacteria into the lungs. Information regarding preparation of bacterial
stocks and growth characteristics of the various bacterial strains (n � 5)
used were as previously described (1, 2). Strain H37Rv was originally
obtained from the Trudeau Institute Collection; HN878 was provided by
Dr. B. Kreiswirth (Public Health Research Institute Center, Newark, NJ);
CSU 123 was provided by Dr. R. Cho, (Seoul, South Korea); CDC1551
(CSU 93) was provided by Dr. T. Shinnick (Centers for Disease Control

and Prevention, Atlanta, GA); and Erdman-KO1 was obtained from Mycos
Research, with permission from the Aeras Foundation.

Bacterial counts in the lung (n � 5 represents 5 mice and 5 lung sam-
ples) were determined by plating serial dilutions of organ homogenates on
nutrient 7H11 agar and counting CFU after 3 wk incubation at 37°C. Lungs
from mice (n � 5) in the same groups were harvested for histological
analysis, and lung cell suspensions were used for flow cytometric analysis
at indicated time points. In survival studies, animals showing substantial
weight loss with no evidence of weight rebound were euthanized. The
results shown in the survival studies are based upon 10 mice per group.

Histological analysis

The accessory lung lobe from each mouse was fixed with 10% Formalin in
PBS. Sections from these murine tissues were stained using H&E, and by
acid fast staining to detect mycobacteria.

FIGURE 1. Decreased bacterial growth during chronic infection in the lungs of IFN-�� receptor KO mice. A, Bacterial counts in the lungs in

C57BL/6 (f) and IFN-�� receptor KO (Œ) mice infected with a low dose of M. tuberculosis strain H37Rv, CSU 123, CSU 93, HN878, or

Erdman-KO1. Results are expressed as the mean � SEM of the bacterial load in each group expressed as log10 CFU (n � 5 mice). B, Survival of

C57BL/6 (filled symbols) and IFN-�� receptor KO (open symbols) mice infected with M. tuberculosis CSU 93, HN878, and Erdman-KO1. Survival

results are from 10 mice per group.

523The Journal of Immunology
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Lung cell digestion

To prepare single-cell suspensions the lungs were perfused with a solution
containing PBS and heparin (50 U/ml; Sigma-Aldrich) through the pulmo-
nary artery and aseptically removed from the pulmonary cavity, placed in
medium, and dissected. The dissected lung tissue was incubated with com-
plete DMEM containing collagenase XI (0.7 mg/ml; Sigma-Aldrich) and
type IV bovine pancreatic DNase (30 �g/ml; Sigma-Aldrich) for 30 min at
37°C. The digested lungs were further disrupted by gently pushing the
tissue through a cell strainer (BD Biosciences). RBC were lysed with ACK
buffer, washed, and resuspended in complete DMEM. Total cell numbers
per lung were determined using a hemocytometer.

Flow cytometric analysis of cell surface markers

Cells suspensions from each individual mouse were incubated with mAbs
labeled with FITC, PE, PerCP, or allophycocyanin at 4°C for 30 min in the
dark. After washing the cells with deficient RPMI 1640 (Irvine Scientific)
containing 0.1% sodium azide (Sigma-Aldrich), the cells were incubated
with mAbs. Monoclonal Abs against CD4� (clone RM4-5, rat IgG2a,k),
NK-1.1 (clone PK136, mouse IgGB2a,k), CD8 (clone 53-6.7, rat IgGB2a,k),
CD3 (clone 145-2C11, Armenian hamster IgGB1,k), CD11c (clone HL3,

hamster IgG1), CD11b (Mac-1, clone M1/70, rat IgG2a), Ly-6C/Gr1 (RB6-
8C5, rat IgG2b), CD45R/B220 (RA3-6B2, rat IgG2a,k), CD25 (3C7, rat IgM),
CD223 (C9B7W, rat IgG1), glucocorticoid-induced TNF-related receptor
(GITR, DTA-1, rat IgG2b), markers, and rat IgG2a, rat IgG2b, rat IgG1,
mouse IgG2a, and hamster IgG were used in this study. These mAbs were
purchased from BD Pharmingen, Serotec, or eBioscience (San Diego, CA) as
direct conjugates to FITC, PE, PerCP, PerCP-Cy5.5, Pacific blue, Pacific
orange, or allophycocyanin. Data acquisition and analysis were done using
FACSCalibur (BD Biosciences) and CellQuest software (BD Biosciences),
respectively, or samples were examined with a LSRII flow cytometer (BD
Biosciences) and data were analyzed using the FACSDiva software (BD Bio-
sciences). Compensation of the spectral overlap for each fluorochrome was
done using CD4 or CD11b Ags from cells gated in the forward light scatter
(FSC)low vs side light scatter (SSC)low or FSCmid/high vs SSCmid/high region,
respectively. Analyses were performed with an acquisition of at least 100,000
or 500,000 total T cell events and a minimum of 10,000 CD11c� events.

Intracytoplasmic cytokine staining

Cells were first stained for cell surface markers as indicated and thereafter
the same cell suspensions were prepared for intracellular staining. Staining
for markers of the Foxp3, IFN-�, IL-10, granzyme B family was performed
using an intracellular staining technique. Cell membranes were permeabilized
according to the kit instructions (Fix/Perm kit; BD Pharmingen). Abs against
Foxp3 (FJK-16s, rat IgG2a), IFN-� (XMG1.2, rat IgG1; eBioscience), and
IL-10 (JES5-16E3, rat TgG2b) were incubated with the appropriate surface-
stained cells for 30 min, and the cells were washed twice and resuspended in
deficient RPMI 1640 before analysis.

Inflammatory cytokine measurement

A cytometric bead array kit (BD Biosciences) was used to measure in-
flammatory cytokines of lung cell suspensions incubated for 72 h at 37°C
with culture filtrate proteins at 2 �g/ml and then frozen at �80°C. After
thawing the supernatants, the cytometric bead array mouse inflammatory
cytokine assay procedure was performed according to kit instructions. As-
says were completed with duplicate samples and results are expressed as
the mean of two experiments. Values are represented by the mean cytokine
in picograms per milliliter minus the noninfected medium control. The
beads were analyzed on a BD Biosciences FACSCalibur flow cytometer.

Statistical analysis

Data are presented using the mean values (n � 5) using replicated samples
and duplicate or triplicate assays. The parametric Student t test was used to
assess statistical significance between groups of data.

FIGURE 2. Increased total pathology scores in C57BL/6 mice infected

with M. tuberculosis strain HN878. Sections of Formalin-fixed and paraf-

fin-embedded lung tissue from mice infected with M. tuberculosis strains

H37Rv (f), HN878 (Œ), CSU 93 (�), and Erdman-KO1 (�) were stained

with H&E and then added to give the total lesion score. Lesions were

ranked in order of severity from 1 to 5 and scored for granuloma formation,

alveolitis, perivasculitis, and peribroncholitis and the total scores were

calculated.

FIGURE 3. Increased lung pathol-

ogy in C57BL/6 mice infected with

M. tuberculosis strains. Sections of

Formalin-fixed and paraffin-embed-

ded lung tissue from mice infected

with M. tuberculosis strains H37Rv

(A, B, and C), CSU 93 (D, E, and F),

and HN878 (G, H, and I) on days 15,

30, and 100 after M. tuberculosis

challenge were compared. Lesions

(arrow) were more numerous and

larger in M. tuberculosis HN878-in-

fected (G, H, and I) mice than in M.

tuberculosis H37Rv-infected (A, B,

and C) mice, eventually resulting in

complete lung consolidation (I). M.

tuberculosis CSU 93 (D, E, and F)

induced smaller lesions in terms of

size compared with M. tuberculosis

H37Rv infection, but at an increased

number of lesions. Total original

magnification, �10.

524 M. tuberculosis HN878 INDUCES A TH1 AND CYTOKINE RESPONSE
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Results
Comparison of survival and lung bacterial loads in the lungs of

C57BL/6 and IFN-�� receptor KO mice infected with virulent

strains of M. tuberculosis

In a first study we compared the growth of each of the five test

strains in the lungs of mice exposed to low-dose aerosol infection

(Fig. 1A). In the case of H37Rv, CSU 123, and Erdman-KO1, all

showed evidence of slowing when reaching �106 bacteria in the

lungs, whereas levels of CSU 93 continued to rise, peaking at 107

after day 50. In contrast, HN878 grew faster than the other strains,

reaching a lung bacterial load of 107 by as early as day 15 before

showing evidence of containment.

A second study comparing the survival times of mice infected

with the panel of laboratory and clinical strains was consistent with

the resulting data and confirmed earlier reports (4, 5), illustrating

the much higher virulence of the HN878 strain (Fig. 1B).

These studies also addressed the previous hypothesis (4) that this

virulence reflected the production of type I IFN by comparing the

growth of HN878 in control mice with IFN-�� receptor gene dis-

rupted knockout (KO) mice. We found this hypothesis to be the case,

with better control of the bacterial load in mice unable to make type

I IFN (Fig. 1A). However, this possibility was not restricted to

HN878, but was a common observation with all five strains tested.

Moreover, whereas an earlier report (4) implied that these cytokines

had an early influence, the data obtained from the IFN-�� KO mice

showed that the inhibitory effects of these cytokines was predomi-

nantly expressed during the chronic stage of the disease process.

Differences in the granulomatous response in the lungs

We then examined the lung pathology in the HN878 mice and

compared it with pathology found in mice with the other infec-

tions. Lesions were ranked in order of severity from 1 to 5 and

scored for granuloma formation, alveolitis, perivasculitis, and

peribroncholitis. All parameters were added for a total score. As

shown in Fig. 2, the rapid growth of HN878 was associated with

substantial lung damage, whereas the pathology scores rose

much more slowly in lungs with the other infections. Interest-

ingly, lung damage in the HN878-infected mice clearly slowed

after day 30.

Lung pathology is also illustrated in Fig. 3, which shows the

appearance of the lung tissues in mice infected with HN878 com-

pared with animals infected with H37Rv or CSU 93. Examination

of the lungs of C57BL/6 mice 15 days after being given a low-dose

aerosol infection showed small aggregates of cells (Fig. 3A). By

day 30, moderately sized lesions present, which consisted predom-

inantly of macrophages and large aggregates of lymphocytes, were

FIGURE 4. Early infiltration of CD4� and CD8� T cells in the lungs of mice infected with M. tuberculosis strains. Lung cells obtained from C57BL/6

mice infected with a low dose of M. tuberculosis strains H37Rv (Œ), CSU 123 (�), CSU 93 (f), HN878 (F), and Erdman-KO1 (‚) were assayed by flow

cytometry. A, The total number of cells expressing CD3�CD4� surface markers. B, CD3�CD8� surface markers in the lungs of mice infected with the

various strains of M. tuberculosis. Results are expressed as the average � SEM (n � 5 mice) number of CD3�CD4� or CD3�CD8� T cells in the lungs.

C, Mice infected with M. tuberculosis HN878 (right) demonstrated a substantial increase in lymphocytes accumulating in lesions (arrow) compared with

M. tuberculosis H37Rv infection (left).

525The Journal of Immunology
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seen within the epithelioid macrophage fields. The development of

organized multifocal granulomas containing lymphocytes and

macrophages progressed through day 100 (Fig. 3C). Infections

with CSU 123 and Erdman-KO1 showed similar pathology (data

not shown).

The development of pathology in the lungs of mice given

CSU 93 was similar but more exaggerated. During early infec-

tion lesions tended to be larger than those seen with H37Rv and

again consisted of aggregates of lymphocytes and some mac-

rophages (Fig. 3D). Evidence for worsened lung pathology was

apparent by day 30 (Fig. 3E) characterized by an increased

number of lymphocytes and highly vacuolated cells infiltrating

into the lung tissues resulting in large lesions. By day 100,

however, the frequency of lesions and lung consolidation had

appeared to stabilize (Fig. 3F).

Marked differences in pathology were seen in mice infected with

M. tuberculosis HN878. Early in infection, moderately sized le-

sions were already developing, denoted by increased lymphocytic

and phagocytic cellular infiltration, and thickening of the paren-

chymal walls indicative of inflammation in excess to the other

strains tested (Fig. 3G). These lesions continued to increase in size

as the infection progressed (Fig. 3H), characterized by coalescing

inflammatory granulomas that were larger than those seen in the

other groups. Most lesions contained a large number of highly

vacuolated “foamy” macrophages containing a large number of

acid fast bacilli. By day 100, most of the lung tissues were

consolidated, with some lesions showing evidence of necrosis

(Fig. 3I).

Differences in the influx of CD4� and CD8� T cells in the lungs

of infected mice

Given the clear differences seen in cell influx indicated by the

histological analysis, we conducted a comparative flow cytometric

analysis of CD4� and CD8� T cell populations in lung cell digests

from each group of infected mice. T cells were gated with a

primary gate on viable FSClow vs SSClow lymphocytes and then

FIGURE 5. Early infiltration of DCs and pDCs in the lungs of mice infected with M. tuberculosis strains HN878 and CSU 93. A, A representative

dot plot of lung cells from a representative mouse primarily gated on FSChigh vs SSChigh granulocytes. B and C, Then gating on DCs by gating on

the region containing CD11b�CD11c�GR1� CD11b� cells (B) and on pDCs by gating on the region CD11b�CD11c�B220�Gr1� cells (C). D and

E, The lung cells obtained from C57BL/6 mice infected with a low dose of M. tuberculosis strains H37Rv (Œ), CSU 123 (�), CSU 93 (f), HN878

(F), and Erdman-KO1 (‚) were assayed by flow cytometry for the total number of pDCs (D) and DCs (E). Results are expressed as the average �

SEM number of (n � 5 mice) pCDs or DCs in the lungs. F, Mice infected with M. tuberculosis HN878 (top right) demonstrated a large number

of highly vacuolated foamy cells (arrow) containing a large number of acid fast-positive staining bacilli (arrow) (bottom right) compared with M.

tuberculosis H37Rv (left panels). H&E staining (top) and acid fast-positive staining (bottom) are shown. Total original magnification, �20 (top) and

�100 (bottom).

526 M. tuberculosis HN878 INDUCES A TH1 AND CYTOKINE RESPONSE
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on CD3� T cells, and analyzed for changes in the total per-

centage of CD3�CD4� and CD3�CD8� cells over the course

of infection (Fig. 4).

In mice infected with HN878, there were rapid influxes of both

CD4 and CD8 cells (Fig. 4, A and B), reaching higher levels on day

15 of the infection compared with the other four strains. This sta-

bilized by day 30 and then declined at a similar rate in all groups.

These observations were consistent with histological data from day

15, in which much larger lymphocytic lesions were observed in the

animals infected with HN878 (Fig. 4C).

Differences in the influx of DCs and plasmacytoid DCs (pDCs)

in the lungs of infected mice

DCs and pDCs are major producers of type I IFNs that are in-

volved in inflammation, immunoregulation, and T cell responses

during bacterial and viral infections (43–45). Given earlier reports

implicating increased type I IFN in mice infected with M. tuber-

culosis HN878, we decided to monitor the number of pDCs and

DCs infiltrating the lungs over the course of the disease.

The number of CD11b�CDllc�B220�Gr1� DCs and CD11b�

CDllc�B220�Gr1� pDCs was determined by primarily gating

on FSChigh vs SSChigh granulocytes (Fig. 5A) and then detecting

DCs in the CD11c� region containing CD11b�CD11c� cells

(Fig. 5B), which also were B220�GR1�. Thereafter, pDCs

were present in the region containing CD11b�CD11c�GR1�

CD11b� cells (Fig. 5C).

As shown in Fig. 5D, the total number of pDCs in the lungs

obtained from M. tuberculosis HN878-infected mice increased

in much larger numbers from day 15 to day 60 of the infection

compared with the number of pDCs in mice infected with other

strains. Similarly, the total number of DCs in the lungs of

HN878-infected mice steadily increased with time at a higher

rate than seen in the other strains (Fig. 5E). In previous studies

we have found evidence of DC markers on highly vacuolated

foamy macrophages in granulomatous lesions (46), and so it

was interesting to note in the current study that many more cells

of this type appeared early in lesions in lungs of HN878-in-

fected mice compared with H37Rv infection (Fig. 5F) and that

these contained a large number of acid fast-positive bacteria

(Fig. 5F).

Differential production of IFN-�, TNF-�, MCP-1, IL-10, and

IL-6 cytokines by cells from infected lungs

As shown in Fig. 6A, we were able to demonstrate that T cells

harvested from the lungs of all infected groups and stimulated in

vitro with culture filtrate proteins were able to produce IFN-�, thus

questioning earlier reports that HN878-infected mice could not

generate a TH1 response. Further analysis of supernatants also

revealed similar amounts of TNF-�, MCP-1, and IL-6 (Fig. 6,

B–E). Interestingly, and consistent with further results described

below, IL-10 production was considerably elevated in the HN878

group after day 30.

FIGURE 6. Differential production of IFN-�, TNF-�, MCP-1, IL-10, and IL-6 cytokines by lung cells from C57BL/6 mice exposed to various virulent

strains of M. tuberculosis. Inflammatory cytokine responses in the lung after cells were isolated from mice infected with a low dose of M. tuberculosis

strains H37Rv (Œ), Erdman-KO1 (‚), CSU 93 (f), and HN878 (F) were incubated with culture filtrate proteins at 37°C and frozen after 72 h. Levels of

IFN-� (A), TNF-� (B), MCP-1 (C), IL-10 (D), and IL-6 (E) were measured using a inflammatory cytometric bead array kit. Results are expressed as the

mean � SEM (in picograms per milliliters, n � 5 mice) in the lungs.

527The Journal of Immunology
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Characterization of CD4� and CD8� cells in the lungs of

C57BL/6 mice exposed to M. tuberculosis strains H37Rv or

HN878 reveals the appearance of regulatory T cells in the latter

group

It was interesting to note that despite the rapid growth of the

HN878 strain it was rapidly controlled by host immunity and

quickly showed evidence of entering a chronic state. An initial

rapid worsening of lung pathology also began to apparently stabi-

lize, and these mice somewhat paradoxically showed evidence of

increased IL-10 production. To try to understand these early events

we performed studies in which we reexamined the early T cell

response. Fig. 7 shows a representative dot plot of lung cells from

a representative mouse after 21 days of infection with H37Rv or

HN878 primarily gated on viable FSClow vs SSClow lymphocytes

and then on CD3� T cells (Fig. 7A) and then gated on CD4�

IFN-�� cells (Fig. 7B). Fig. 7C shows the bacterial load in the

lungs over the first 21 days and the number of IFN-�-secreting

CD4 or CD8 found in the lungs at that time. Fig. 7, D and E, shows

an increased number of IFN-�-secreting CD4 or CD8 T cells in the

HN878-infected mice, but also evidence of a drop at day 21. We

found evidence that initially HN878 induces a strong TH1 re-

sponse characterized by significant IFN-� production, which by

day 14 begins to decline.

In view of this observation, we performed a much more com-

prehensive examination of the phenotypes of the CD4 and CD8

cells present in the lungs using multiparameter flow cytometry.

The number of T cells was gated with a primary gate on viable

FSClow vs SSClow lymphocytes (Fig. 8A) and then a gate on CD4�

T cells (Fig. 8B) coexpressing CD25 and FoxP3 (Fig. 8C) and

CD223 and IL-10 (Fig. 8D). Changes in the total percentage of

these cells were monitored over the course of infection. To our

surprise, we not only found evidence of CD4 cells expressing the

regulatory T cell markers CD25, FoxP3, and CD223 in the lungs,

but also evidence of a rapid expansion of these cells by day 21

(Fig. 8E). Moreover, many of these cells were also positive for

intracellular IL-10 (Fig. 8F). A very low number of such cells was

seen in the H37Rv-infected mice but with no evidence of any

expansion (in our unpublished observations, we monitored mice

infected with H37Rv for over 300 days and found no evidence for

any expansion of CD4 cells with a regulatory T cell phenotype).

To further validate the presence of immunosuppressive T reg-

ulatory cells during infection with the HN878 strain, we evaluated

expression of the mouse GITR. GITR interaction with its ligand

augments T cell activation, proliferation, and IL-2, IFN-�, and

IL-4 cytokine secretion and abrogates regulatory T cell suppres-

sion (47–49). C57BL/6 mice infected with HN878 demonstrated

an increased number of CD4�CD25�GITR� T cells in the lungs

during the early course of infection compared with M. tuberculosis

H37Rv-infected mice (Fig. 8G). However, C57BL/6 mice infected

with M. tuberculosis H37Rv showed a substantial increase in CD4�

CD25�GITR� T cells in the lungs after 21 days of the infection. By

this time, this population was declining in the HN878-infected mice

indicative of reduced CD4� T cell proliferation and activation. GITR

plays a key role in regulating the immunosuppressive function medi-

ated by regulatory T cells. Therefore the increased expression of

GITR by M. tuberculosis H37Rv-infected mice indicates a state of T

cell activation and prevents the development of immunosuppressive T

cells. In contrast, decreased expression of GITR by M. tuberculosis

HN878-infected mice indicates removal of GITR signaling, which

leads to the development of immunosuppressive T cells.

FIGURE 7. Early increase in the number of CD4� and CD8� IFN-�� cells in HN878-infected mice. Mice were infected with a low dose of M. tuberculosis

strains H37Rv or HN878 and then were assayed for bacterial loads (C) or by flow cytometry (A, B, D, and E) on days 7, 14, and 21. A, A representative dot plot

of lung cells from a representative mouse after 21 days of infection with H37Rv (Œ) or HN878 (F) primarily gated on viable FSClow vs SSClow lymphocytes (A)

and then on CD3� T cells (A) and then gated on CD4� IFN-�� cells (B). B, The percentages shown represent H37Rv 4.0% of CD4�IFN-� cells and HN878

2.0% of CD4�IFN-� cells. C, Increased bacterial counts � SEM in the lungs of mice infected with HN878 compared with H37Rv infection (n � 5 mice). D,

Increased number of CD4� cells expressing IFN-�. E, Increased CD8� cells expressing IFN-� in the lungs of mice infected with HN878 compared with H37Rv.

Results are expressed as the mean number � SEM of CD4� and CD8� (n � 5 mice) IFN-�� T cells in the lungs.
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Discussion
The results of this study show that the M. tuberculosis strain

HN878 is clearly more virulent for mice than other strains, grow-

ing much faster in the lungs and inducing severe lung damage and

consolidation. After 20–30 days or more, the infection is contained

and the lung pathology apparently slows, but animals still die more

quickly than other virulent strains. The reason for this paradox can

hypothetically be explained by our observation that the HN878

infection rapidly induces progressive lung pathology during a time

when the protective TH1 response declines, which was associated

with the appearance of a regulatory T cell response. In our study,

we show these forementioned events occurred during the same

time frame and do not demonstrate a causal link between the lung

pathology and the appearance of a regulatory T cell population

during HN878 infection.

In this regard, we found evidence that initially HN878 induces

a strong TH1 response, contrary to the hypothesis of Manca and

colleagues (4, 5) who have argued that the hypervirulence of

HN878 reflects its ability to avoid a TH1 response, an ability as-

cribed to its possession of a cell wall polyketide synthase-derived

phenolic glycolipid that induces cytokines known to block TH1

responses (5). However, in our hands, HN878 induced a potent

TH1 response characterized by significant IFN-� and TNF-� pro-

duction; this peaked by day 14 and then declined. It is possible that

the differences in our results and the earlier reports from Manca

and colleagues (4, 5) could be due to differences in the experi-

mental methods used, as we tracked the early phenotypical cellular

kinetics and cytokine responses by flow cytometry compared with

their reports using RT-PCR for cytokine mRNA in the animals

lungs. Furthermore, our report depended heavily on the animals

lung pathology induced by the HN878 strain, whereas their studies

were devoid of pathological analyses (4, 5).

Earlier studies also found evidence for an increased production

of type I IFN and hypothesized that this interfered with the ability

of the animal to control the infection (4). To test this further, we

compared normal and IFN-�� receptor KO mice, reasoning that

inability to respond to these cytokines would improve protection.

This effect indeed seemed to be the case, but was only evident for

most strains well into the chronic phase of the disease.

A steady increase in both pDCs and DCs was observed in the

lungs of all the infection groups, and these cells are known to be

rich sources of type I IFN (43, 50). The apparent lack of TH1

immunity during HN878 infection in earlier reports was associated

with increases in IFN-� but changes in the levels of IFN-� were

not evaluated. This observation is important because other reports

have shown that infection of C57BL/6 mice with Listeria induces

IFN-� expression and suppresses the accumulation of CD11b�

macrophages secreting TNF-� cells at the sites of infection (51). In

contrast IFN-�� receptor KO mice were more resistant to Listeria

infection and had a greater number of CD11b� cells producing

TNF-� and IL-12p70 cells at the site of infection (51). In the

present study, pDCs and DCs were very prominent in the early

response to HN878, and were found to be harboring a large num-

ber of acid fast bacilli. In addition, foamy cells, which express the

FIGURE 8. T cell activation decreased with the increased number of CD4�CD25�Foxp3�CD223�IL-10� cells in HN878-infected mice. Lung

cells obtained from C57BL/6 mice infected with a low dose of M. tuberculosis strains H37Rv (Œ) or HN878 (F) were assayed by multiparametric

flow cytometry on days 7, 14, and 21. Representative dot plot of lung cells from a representative mouse primarily gated on viable FSClow vs SSClow

lymphocytes (A, red) and then on CD4� T cells (B, blue), coexpressing CD25 and FoxP3 (C, green) and CD223 and IL-10 (D, pink). Mice infected

with HN878 showed a substantial increase in CD4�CD25�Foxp3�CD223� (E) and CD4�CD25�Foxp3�CD223�IL-10� (F) regulatory T cells in

the lungs at 21 days of infection compared with H37Rv-infected mice. G, Mice infected with H37Rv had a significant increase in CD4�

CD25�GITR� T cells in the lungs at 21 days of infection, whereas a negligible number was seen in HN878-infected mice. Results are expressed

as the mean number � SEM of CD4�CD25�Foxp3�CD223�, CD4�CD25�Foxp3�CD223�IL-10�, or CD4�CD25�GITR� T cells (n � 5 mice)

in the lungs.
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DC marker DEC-205, were also prominent; these cells down-reg-

ulate molecules involved in Ag presentation and may potentially

provide safe niches for M. tuberculosis survival (46).

In our evaluation of the early T cell response in the HN878-

infected mice, we observed that both CD4 and CD8 cells secreting

IFN-� were rapidly induced, but these began to decline at 21 days,

whereas at the same time a rapid increase in IL-10� CD4 cells was

observed. These latter cells stained positive for CD25, CD223, and

FoxP3, which are all known markers of immunosuppressive reg-

ulatory T cells (27, 28). A recent report showed cotransferred CD4�

CD25� T regulatory cells from naive C57BL/6 mice into C57BL/

6J-Rag1�/� mice infected with M. tuberculosis H37Rv resulted in

suppression of protective immunity, which was not associated with

IFN-�, inducible NO synthase, nor increased IL-10 (52). Our cur-

rent study evaluated the early T regulatory cell response during M.

tuberculosis H37Rv infection and supports the notion that the pres-

ence of T regulatory cells was not associated with inhibition of the

early acquired immune response by reduced IFN-�. It is probable

that differences in the virulence and kinetics of the immunopathol-

ogy induced by these two bacterial strains are associated with the

degree to which functional characteristics of T regulatory cells are

expressed.

In addition we evaluated the expression of GITR on T regula-

tory cells by M. tuberculosis HN878-infected mice, which was

down-regulated by day 21 and associated with the appearance of

immunosuppressive regulatory T cells (47–49). GITR is expressed

at low levels on responder T cells and is up-regulated in T regu-

latory cells and in activated T cells (47). Activation of GITR en-

hances costimulation of responder T cells and suppressor activity

is abrogated, resulting in enhanced immune responses (47–49). It

is plausible that the reduced expression of GITR in M. tuberculosis

HN878-infected mice evident by day 21 and coincided with re-

duced IFN-� represents lack of GITR signaling and less potent T

cell activation. In contrast M. tuberculosis H37Rv showed in-

creased GITR expression, which was associated with increased

IFN-� expression (47).

Whether the speed of the emerging TH1 response was the stim-

ulus for the induction of the regulatory T cell subset is unknown,

but it was clearly much faster than that seen in the other M. tu-

berculosis infections, and indeed we have yet to detect this latter

subset in these other cases (even high dose i.v. models). A second

possibility is that regulatory T cells responded to the acute lung

damage caused by the HN878 infection, consistent with our pre-

vious observation that IL-10, a product of regulatory T cells as

well as macrophages, may play a role in maintaining the stability

of chronic lung disease in the face of increasing necrosis (19). A

similar observation has been made in the case of Bordetella per-

tussis infection (53). Moreover there is evidence that patients with

active tuberculosis have raised levels of circulating regulatory T

cells (22, 54). More importantly these tuberculosis patients dem-

onstrated T regulatory cells were expanded at sites of active tu-

berculosis disease in parallel with high local concentrations of M.

tuberculosis-specific TH1-type IFN-�-secreting T cells and in ar-

eas of immunopathology (22). Future studies are warranted sorting

these T regulatory cells and using adoptive cell transfer into

C57BL/6J-Rag1 mice to show a causal link between the aggressive

TH1 response and the appearance of immunosuppressive T regu-

latory cells during HN878 infection.
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