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Description

Murine models of tuberculosis have long been criticized for
failing to reproduce the necrotic, hypoxic granulomas that
dominate advanced human disease. In the study highlighted here,

Weinrick and colleagues [1] present a decisive advance: a Nos2/

vaccination-challenge model that reproducibly generates hypoxic,
necrotizing lung lesions following aerosol infection. This work
demonstrates that varied pathology in mice is not elusive, but
conditional, emerging when specific immune regulatory pathways

are removed (Figure 1).

Figure 1: Human-like necrotizing tuberculosis lesions in Nos2,/" mice. Representative lung section from a Nos2,/" mouse immunized with an auxotrophic Mycobacterium
tuberculosis strain and challenged with virulent Mtb, showing organized necrotizing granulomas that closely resemble the caseating pathology of advanced human

tuberculosis. The image illustrates how loss of nitric oxide—mediated immune regulation reveals a form of tuberculosis pathology long thought to be absent in mice,

reframing necrosis as a consequence of untestrained immune pressure rather than failed host defense. Image courtesy of Brian Weinrick.

The conceptual foundation for this advance was laid by Igor
Kramnik, whose genetic dissection of host susceptibility by
mapping the sst1 locus demonstrated that tuberculosis pathology
is governed by host immune set-points rather than bacterial
burden alone [2,3]. Kramnik’s C3HeB/Fe] model decisively
overturned the notion that mice are intrinsically incapable of

modelling human tuberculosis, reframing pathology as an active,

genetically controlled outcome of immune pressure. Subsequent
studies of “Collaborative Cross” mice by Sassetti and colleagues
revealed the contribution of a variety of loci to infection outcomes
[4]. Weinrick’s Nos2/- model extends this lineage by identifying
nitric oxide as a central regulator of lesion architecture, rather

than as a dominant sterilizing effector.
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This conclusion resonates strongly with Barry Bloom’s enduring
observation that “pathology is the price you pay for protection”
[5]. In Weinrick’s system, loss of nitric oxide removes a decisive
governor, allowing immune pressure to proceed at the cost of
necrosis, hypoxia, and impaired drug penetration—features that
closely mirror advanced human tuberculosis. The resulting
lesions are not evidence of failed immunity, but of unrestrained

protection.

Decades of work have established the biological importance
of reactive nitrogen intermediates. Seminal studies by Carl
Nathan defined inducible nitric oxide synthase (iNOS) as a
powerful antimicrobial system and a major protective locus in
murine tuberculosis [6,7]. While work from John Chan and
colleagues demonstrated that reactive nitrogen intermediates
exert potent antimycobacterial pressure in vitro and contribute
to immune control in vivo [8]. However, these same studies also
revealed a critical limitation: despite sustained iNOS expression,
Mycobacterium tuberculosis commonly persists, indicating that
nitric oxide functions predominantly as a bacteriostatic and
immunoregulatory force, rather than as a consistent execution

mechanism [9].

Human immunology provides an important complementary
Robert Modlin and
that cytolytic T cells can directly reduce M. tuberculosis viability

perspective. colleagues demonstrated

through a granule-dependent mechanism mediated by granulysin,
bypassing the action of nitric oxide in the phagocyte altogether
[10]. At the microbial level, Heran Darwin and colleagues showed
that M. tuberculosis devotes substantial genetic resources—including
its proteasome—to resisting nitrosative stress, underscoring both
the potency of nitric oxide and the evolutionary reality that it is

rarely decisive [11].

Together, these lines of evidence sharpen the conceptual impact
of Weinrick’s work. The Nos2/" model does not reveal nitric
oxide-dependent sterilization; instead, it clarifies how immune

regulation shapes pathology. This distinction between immune
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control and immune killing has often been blurred. Weinrick’s

contribution is to separate them experimentally.

Becker and colleagues further sharpens this distinction by
demonstrating that CD4" T cells control Mycobacterium tuberculosis
through cognate MHCII-dependent interactions with monocyte-
derived macrophages that induce a glycolytic metabolic program,
rather than relying solely on interferon-y-driven nitric oxide
production [12]. In their model, IFN-y is essential for recruitment
of infectable macrophages, yet bacterial control requires direct T
cell recognition and metabolic reprogramming of infected cells.
These findings reinforce the view that nitric oxide functions
primarily as a regulator of inflammation and bacterial physiology,
while adaptive immunity may deploy distinct, non-classical

effector mechanisms to achieve control.

In this context, the adaptive immune sterilization of the
conditionally persistent strain  mc?7901 provides a crucial
mc?7901  is

eliminated, whereas in Ragl/" mice lacking adaptive immunity

counterpoint. In immunocompetent mice,
it persists for more than a year, demonstrating unequivocally
that adaptive immunity can sterilize M. tuberculosis under defined
conditions [13]. Forthcoming work indicates the sterilization of
mc27901 occurs in the absence of NOS2 and Phox91, consistent
with emerging evidence that CD4" T cell-mediated metabolic
programming of infected macrophages may constitute a nitric

oxide-independent pathway of mycobacterial control [12].

Taken together, the work of Kramnik, Bloom, Chan, Nathan,
Sasetti, Modlin, Darwin, and now Weinrick forms a coherent
trajectory rather than a contradiction. Nitric oxide emerges not as
an executioner but as a judge, a critical regulator of inflammation,
pathology, and bacterial physiology. Weinrick’s Nos2//* model
shows us what protection looks like when that regulation is
removed. The mc27901 system shows us that sterilization is

possible—and that its mechanism remains to be discovered.
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