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In studying the role of adaptive immunity in disease, 
investigators have focused extensively on CD8+ T cells 
(effector T cells) and CD4+ T cells (helper T cells). For 
many years, double negative (DN) T cells (CD4− CD8−) 
have been neglected by immunologists due to their overall 
rarity and lack of clear expression markers, making them 
difficult to study. However, within the last decade, these 
unconventional T cells have been found to be important in 
various disease presentations, resulting in increased interest 
in this population as a therapeutic target. Interestingly, 
DN T cells have been found to be both pro- and anti-
inflammatory (1). Several studies hint towards DN T cells 
being key regulators of autoimmunity. For example, in 
Systemic Lupus Erythematosus (SLE) patients, DN T cell 
numbers were found to be significantly increased and were 
a major producer of IL-17, the key inflammatory cytokine 
in SLE (2). Similarly, in Autoimmune Lymphoproliferative 
Syndrome (ALPS) patients, peripheral DN T cell numbers 
have been reported to increase from 1% in controls to 
40% of T cells, making DN T cell number a potential 
disease biomarker (3). Peripheral DN T cell numbers have 
also been shown to increase in HIV patients. Interestingly, 
these numbers decrease upon successful antiviral therapy, 
suggesting they may contribute to viral production and are 
sensitive to active antiretroviral therapy (4). Furthermore, 
DN T cells have been found to be the major responders 
to Francisella tularensis (5) and Listeria monocytogenes (6) 
infections. Contrary to their proinflammatory role, DN 

T cells have been proposed to be essential in maintenance 
of immune homeostasis and self-tolerance. In that 
respect, several studies have shown that DN T cells play 
an important role in the development of tolerance after 
transplantation (7). Additionally, DN T cells have been 
proposed to provide long lasting protection against type-I 
diabetes in diabetes-prone NOD mice (8).

Remarkably, while relatively rare in totality in humans 
and mice alike (1–5% of all T cells) (1,9), DN T cells 
seem to preferentially reside in specific organs/tissues, 
suggesting they may have specific functions in these 
settings. For example, it has been reported that DN T 
cells accumulate in the liver of several autoimmune-
prone mouse strains, with their numbers increasing as 
mice become older and more diseased (10). Further, 
DN T cells have been found to be the dominant T cell 
population in both the intestine and the female genital 
track (11,12). In the kidney, increased numbers of DN 
T cells were first demonstrated by Ascon et al. in 2008, 
who found that DN T cells comprise ~23% of all renal 
T cells (CD4+ 55%, CD8+ 21%) in 8-week-old wildtype 
C57Bl/6 mice (13). Similarly, Martina et al. found that the 
DN T cell frequency in normal human kidney can range 
between 18–61% of all renal T cells (14). However, other 
investigators have found different levels of this population. 
Zimmerman et al. reported that only ~5% of all renal 
T cells are DN T cells in normal human kidney (15),  
and on the mouse side, renal DN T cells in 8-week-
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old wildtype C57Bl/6 mice have been reported to be 
either ~28% (16) or ~35% (14) of the total renal T cell 
population. While these discrepancies may be in part due 
to technical difficulties associated with studying DN T 
cells, which will be discussed later, it is likely that DN T 
cell frequency can change dependent on the age and strain 
of the mouse. For example, our laboratory has found renal 
DN T cell frequency to decrease with age in wildtype 
C57Bl/6 mice (3-month of age: ~16%; 9-month of age: 
~12%; P<0.05); however, their frequency stayed steady 
throughout aging in wildtype Balb/C mice (14−15%).

The role of DN T cells in renal disease, and how these 

populations are altered has not been extensively studied to 
date. In the case of SLE, Crispin et al was the first to report 
that SLE patients have a significant number of DN T cells 
infiltrating the kidney compared to controls (2). Similarly, 
Zimmerman et al. showed that DN T cell numbers increase 
in human Autosomal Dominant Polycystic Kidney Disease 
(ADPKD) kidneys compared to controls; however, this 
correlated with an overall renal T cell number increase (15).  
Here, the percentage of DN T cells as percent of total renal 
T cells was only marginally increased in ADPKD patients 
compared to controls (control: 5%; ADPKD: 8%) (15).  
In our mouse model of ADPKD (Figure 1A) (17,18), we 
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Figure 1 Renal DN T cell frequency decreases with age and ADPKD severity in the C57Bl/6 background. (A) H&E stained renal cross 
sections of wildtype and ADPKD mice. In the orthologous ADPKD model, Pkd1R3277C/R3277C (17,18), polycystic kidney disease severity 
increases with age and overall disease severity is more pronounced in the Balb/c versus C57Bl/6 strain; (B) renal frequency of DN T cells 
as percent of all renal αβ T cells. DN T cells were gated using CD45+, TCRβ+, MHC II−, CD4−, CD8−. Note, this gating strategy does not 
differentiate between “true” DN T cells and NKT cells. In the C57Bl/6 strain, renal DN T cell frequency (%TCRβ) is significantly lower in 
ADPKD mice compared to wildtype mice and decreases significantly with age in both wildtype and diseased animals. In Balb/c mice, renal 
DN T cell frequencies remain steady independent of disease state or age; (C) tabular summary of renal T cell distribution. Globally, renal 
DN T cell numbers significantly increase with ADPKD severity in both strains (%live), which correlates to an overall increase in all renal T 
cell subpopulations as published previously (17). Renal DN T cells expressing Pd-1 are rare using our mouse perfusion and kidney digestion 
protocol as published previously (17), but this rare population is nonetheless significantly elevated in ADPKD mice compared to control. 
Scale bar 500 μm, statistics are expressed as mean ± SD, Statistical comparisons were made using unpaired t-test with Welch correction, *, 
P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. DN, double negative; ADPKD, autosomal dominant polycystic kidney disease.
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also found that the overall number of renal DN T cells 
increased with disease severity independent of strain, 
however, their frequency as percentage of total renal T cells 
decreased compared to wildtype and as disease advanced 
in the C57Bl/6 strain but remained constant in the Balb/
C strain (Figure 1B,C). In acute kidney injury (AKI), DN 
T cell frequency has been examined in two separate papers 
using the same murine ischemia-reperfusion injury (IRI) 
model. Interestingly, Ascon et al. found that DN T cell 
numbers decrease 24 h after ischemic insult (13), while 
Martina et al found that both the total number as well as 
the percent of DN T cells as percent of total renal T cells 
increase 24 h after ischemic insult and decrease 72 h post 
insult compared to sham operated mice (14). The latter 
publication would suggest DN T cells are innate-like, early 
responders of IRI, and the group went on to show that 
DN T cells are a major producer of the anti-inflammatory 
cytokine IL-10 in steady state and early AKI (14). Further, 
in the same manuscript, Martina et al. also showed that 
adoptive transfer of DN T cells protected wildtype mice 
against AKI. 

In their most recent paper published in J Am Soc 
Nephrol [Sadasivam et al. (16)], the same group that initially 
reported a functional role of renal DN T cells in AKI, 
defined mechanisms of renal DN T cell homeostasis. In 
general, mechanisms of DN T cell origin and homeostasis 
are incompletely understood, and literature addressing 
these concepts for renal DN T cells is lacking (1,19). Using 
B2mtm1Unc (MHC Ia and Ib null), H2dlAb1-Ea (MHC II null), 
and H2KbDb (MHC Ia null) mice, they presented data 
showing that renal DN T cell homeostasis is primarily 
regulated by non-classical MHC Ib molecules, as B2mtm1Unc 
mice showed a significant reduction of renal DN T cells 
from 30% to 10%, while renal DN T cell numbers were 
not impacted in H2dlAb1-Ea and H2KbDb mice. The group 
also showed that wildtype murine and normal human DN 
T cells express two distinct markers, PD-1+ (33% of DN 
T cells) and NK1.1+ (30% of DN T cells). Interestingly, 
in B2mtm1Unc mice, the distribution of renal DN T cells 
expressing Nk1.1+ or Pd-1+ changed in favor of Pd-1+ 

expressing cells; nearly no Nk1.1+ positive DN T cells 
were present in the kidneys of B2mtm1Unc mice. The 
authors also showed that in B2mtm1Unc mice, overall DN 
T cell activation decreased by 15% (CD69+ DN T cells), 
proliferation decreased by 30% (Ki67+ DN T cells), and 
apoptosis increased by 8% (Annexin V+ DN T cells). 
Taken together the authors suggested that the reduction 
of renal DN T cells in B2mtm1Unc mice is due to loss of the 

Nk1.1+ population and impaired proliferation/increased 
apoptosis of the Pd-1+ population. However, the authors 
failed to experimentally prove this. It is possible that the 
only population impacted by MHC I loss is the Nk1.1+ 
population. One caveat of the B2mtm1Unc mice is that not 
only antigen presentation through MHC I is lost, but 
also all CD8+ T cells are lost. To better delineate whether 
MHC I molecules or CD8+ T cells are important for 
DN T cell homeostasis, proliferation, and activation, the 
authors adoptively transferred CD8+ T cells into B2mtm1Unc 

mice. This restored DN T cell numbers and activation to 
~65% of wildtype levels. Since, transferred CD8+ T cells 
carry endogenous MHC I, they also adoptively transferred 
CD4+ T cells or B cells alone as these cell types do not 
express MHC I. Surprisingly, adoptive transfer of CD4+ T 
cells, which are endogenously already present in B2mtm1Unc 

mice, restored DN T cell numbers to ~48% and activation 
to ~18% of wildtype levels. Adoptive B cell transfer had no 
impact on renal DN T cell numbers. 

To understand what T cell derived signal may stimulate 
DN T cell expansion, the authors moved to an in vitro 
co-culture system of DN and CD8+ T cells and assayed 
the secretion of key regulatory cytokines. They found 
significant increases in secreted IL-2, IL-17, INF-γ, and 
TNF-α, but not IL-4, IL-6, or IL-10. The authors chose 
to focus on IL-2 as a key regulator of DN T cell expansion, 
as  in vitro blockade of IL-2 hampered DN T cell 
expansion; blockade of the other cytokines was not tested. 
Interestingly, the in vivo support for their conclusion 
that IL-2 is necessary for DN T cell expansion was 
underwhelming—in B2mtm1Unc mice adoptively transferred 
with CD8+ T cells, IL-2 levels rose 1.5-fold, which was 
not significant and only ~30% of wildtype levels. Further, 
recombinant IL-2 given to B2mtm1Unc only restored DN 
T cells to ~25% of wildtype levels, the exact levels were 
difficult to assess precisely as a wildtype group was missing 
in the experimental design. Also, the functional impact 
CD4+ T cells have on DN T cell expansion was not further 
evaluated. One last key observation the authors stated is 
that 24 h post IRI, only the Pd-1+ DN T cell population 
expanded while the Nk1.1+ population decreased, 
suggesting that Pd-1+ DN T cells are the first responders of 
AKI. Interestingly, B2mtm1Unc mice which lack CD8+ T cells 
and Nk1.1+ DN T cells showed similar severity of AKI 24 
h post IRI, suggesting that these populations are irrelevant 
to early AKI pathogenesis. This observation is in line with 
previously published studies which showed that CD4+ but 
not CD8+ T cells aggravate AKI (20,21). However, the 
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literature is inconsistent in this aspect, as CD8+ T cells 
have also been found to be either detrimental or protective 
to acute renal failure depending on the AKI model (22,23).

While the study from Sadasivam et al. (16) provides 
new insight into the homeostasis of renal DN T cells, 
many questions remain regarding the role of these 
unconventional T cells in the kidney, especially given their 
newly defined subpopulations. Pd-1+ DN T cells have 
been previously described in the spleen and circulation 
as having an effector phenotype and being the main 
source of pro-inflammatory cytokines (24,25). However, 
whether they have a similar phenotype in the kidney, how 
they contribute to AKI pathology, and through which 
signaling mechanisms they function, remains unclear. 
This is of special interest given the great enthusiasm anti-
PD-1 treatment has received as cancer therapy and raises 
the question what impact immunosuppressive drugs may 
have on DN T cell number, activation, and function. 
Interestingly though, in our hands murine renal DN T 
cells expressing Pd-1 are rare. Even though their frequency 
increases with ADPKD, we do not detect them at the same 
level as published by Sadasivam et al. (16) (Figure 1C). This 
data may hint towards DN T cells having similar plasticity 
as other T cell subtypes where their phenotype, activation, 
and signaling is susceptible to microenvironmental stimuli. 
Indeed, Ponzetta et al. recently identified twelve different 
clusters of tumor-infiltrating DN T cells using single-
cell RNA-seq (26), highlighting the potential complexity 
of these cells. At large, DN T cells have been reported to 
have suppressive and/or cytotoxic activity towards CD4+ 
and CD8+ T cells, B cells and dendritic cells in a Fas/
FasL or perforin/granzyme-dependent manner (27), but, a 
recent publication showed that DN T cells can also impair 
the metabolic reprogramming of CD4+ T cells, hence 
modulating their function (28). Even more interesting, 
DN T cells have also been reported to be cytotoxic against 
cancer cells in non-small cell lung cancer (NSCLC) and 
their numbers increased during treatment with the CTLA-
4 check-point inhibitor ipilimumab (29,30). Overall, it 
is clear that the understanding of the pathophysiological 
function of DN T cells is severely lagging behind their 
other lymphocyte counterparts.

The lack of  knowledge concerning DN T cel l 
function and discrepancies regarding their phenotype 
or frequency, can at least in part be attributed to the 

difficulty associated with studying them. By definition, 
three types of DN T cells exist; Natural Killer-like T 
(NKT) cells, γδ T cells, and “true” DN T cells, all of 
which express CD3, but are negative for CD4 and CD8. 
Unfortunately, to date, no exclusive expression markers 
have been identified to distinguish “true” DN T cells 
from the other two subtypes, which results in them being 
defined through exclusion. NKT and “true” DN T cells 
both express TCRαβ, which allows them to be separated 
from γδ T cells, which are TCRγδ+. Further, NKT cells 
express Nk1.1 in mice and CD56 in human. However, 
both of these markers are not expressed on all NKT cell 
types and are not exclusive to that population. A CD1d-
glycolipid tetramer has been developed to identify all 
NKT cells, as both NKT type I and II differentiate 
in the thymus and are positively selected on an MHC 
I-like, β2m-dependent, CD1d molecule (31). This would 
suggest that DN T cells should be defined as TCRαβ+ 
CD4 ₋ CD8 ₋ CD1d ₋ as done in Sadasivam et al. (16).  
However, that definition has not been used in many 
studies on DN T cells; furthermore, macrophage-like 
cells expressing TCRαβ have recently been identified and 
would be included as DN T cells in this protocol (32,33). 
Hence, DN T cell frequency as well as their downstream 
activation status or function, if defined by flow cytometry, 
can vary drastically dependent on the gating strategy used 
to identify them (Figure 2). Lastly, it should be noted, that 
defining a cell type solely by the absence of specific cell 
surface markers can also be influenced by the digestive 
protocol used to prepare the single cell suspension for 
flow cytometry, as antigens can be cleaved off during the 
experimental preparation of the sample. Additionally, the 
study of tissue resident DN T cells can be impacted by the 
presence of circulating DN T cells if extensive perfusion 
of the organ is not performed prior to organ digestion. 
All in all, even though complicated to identify, isolate, 
and study, the current literature suggests that DN T 
cells likely harbor important functions in physiology and 
disease. Hence, it is essential to continuously develop new 
methodologies to study these cells. Only that way will we 
understand if DN T cells have the potential to be a novel 
therapeutic target. Studies such as Sadasivam et al. (16),  
whose group has pioneered the analysis of renal DN T 
cells, are imperative and advance our understanding of 
these cells, but additional work is clearly needed.
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Figure 2 Flow cytometry gating strategy can significantly impact DN T cell frequency. Renal single cell suspension of perfused 6-month-
old wildtype C57Bl/6 mice were analyzed by flow cytometry. The suspension was first gated on singlets and live cells. (A) The CD45+ 

population is shown, highlighting distribution of F4/80+ CD11b+ MHC II+ macrophages (Mac, yellow), CD3+ (red) or TCRβ+ (green) T 
cells if gated directly from the CD45+ population (B, left) and CD3+ (blue) or TCRβ+ (orange) T cells if gated after excluding Macs from 
the CD45+ population (B, right). It is important to note that the T cell population [CD3+ (red) or TCRβ+ (green)] significantly overlaps 
with the Mac population [yellow] if T cells are gated directly of the CD45+ gate, supporting the previously published observation that some 
macrophages are disguised as T cells (32,33); (C) CD4+/CD8+ gating diagram highlighting that the frequency of renal DN T cells (CD4− 
CD8−) differs significantly dependent on the input gate [CD45+ TCRβ+ (left) or CD45+ TCRβ+ excluding Macs (right)]. This suggests that 
the majority of Macs expressing T cell receptors are CD4− and CD8− negative and hence could be falsely classified as DN T cells if the 
wrong gating strategy is applied. Note, our gating protocol is not able to distinguish between “true” DN T cells and NKT cells; (D) tabular 
summary highlighting how gating can affect renal CD4+, CD8+ or DN T cell frequency. % Gated frequencies are an average representative 
of 6-month-old wildtype C57Bl/6 mice observed using a collagenase I, Liberase LT (Sigma Aldrich) kidney digestion protocol of perfused 
kidneys as published previously (17). DN, double negative.
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